Using Landscape Pattern Metrics to Characterize Ecoregions by Posada Posada, Martha Isabel
University of Nebraska - Lincoln 
DigitalCommons@University of Nebraska - Lincoln 
Dissertations & Theses in Natural Resources Natural Resources, School of 
Fall 11-8-2012 
Using Landscape Pattern Metrics to Characterize Ecoregions 
Martha Isabel Posada Posada 
University of Nebraska-Lincoln, martha.posada@huskers.unl.edu 
Follow this and additional works at: https://digitalcommons.unl.edu/natresdiss 
 Part of the Geographic Information Sciences Commons, Natural Resources Management and Policy 
Commons, Physical and Environmental Geography Commons, and the Remote Sensing Commons 
Posada Posada, Martha Isabel, "Using Landscape Pattern Metrics to Characterize Ecoregions" (2012). 
Dissertations & Theses in Natural Resources. 59. 
https://digitalcommons.unl.edu/natresdiss/59 
This Article is brought to you for free and open access by the Natural Resources, School of at 
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Dissertations & Theses in 
Natural Resources by an authorized administrator of DigitalCommons@University of Nebraska - Lincoln. 
 USING LANDSCAPE PATTERN METRICS TO CHARACTERIZE 
ECOREGIONS 
 
by 
Martha Isabel Posada Posada 
 
A THESIS 
 
Presented to the Faculty of 
The Graduate College at the University of Nebraska 
In Partial Fulfillment of Requirements 
For the Degree of Master of Science 
Major: Natural Resource Sciences 
 
Under the Supervision of Professor James Merchant 
 
 
Lincoln, Nebraska 
November, 2012  
  
USING LANDSCAPE PATTERN METRICS TO CHARACTERIZE 
ECOREGIONS 
Martha Isabel Posada Posada, M.S. 
University of Nebraska, 2012 
Adviser: James Merchant 
Ecological regions, or ecoregions, are areas that exhibit “relative homogeneity in 
ecosystems”. The principal objective of this research was to determine if and how 
landscape structure (quantified by landscape pattern metrics) may be related to 
ecoregions defined using Omernik’s approach to ecoregionalization.  Nine key landscape 
pattern metrics (number or LULC classes and the proportion of each class, number of 
patches, mean patch size and area-weighted fractal dimension, perimeter-area fractal 
dimension, contagion, mean Euclidean nearest neighbor distance and interspersion and 
juxtaposition index) where used to asses landscape structure in a sample of 26 Omernik 
Level III ecoregions located in the central United States. The results indicated that the 
behavior of most of the metrics (such as Number of Patches, Mean Patch Size, Mean 
Euclidean Nearest Neighbor, and Contagion) could only be explained when they were 
considered in context with the other metrics.  There were significant correlations among 
several of the metrics used, reasserting the redundancy of information provided by some 
of these indices. 
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Chapter 1:  Introduction 
Ecological regions, or ecoregions, are areas that exhibit “relative homogeneity in 
ecosystems” (Loveland and Merchant, 2004; Omernik and Bailey, 1997). These regions 
are widely used to provide a spatial framework for environmental and natural resources 
assessment, research, inventory, monitoring and management (McMahon, et al., 2001; 
Bryce, et al., 1999; Omernik, 1995). During the past century, many different methods 
have been proposed to identify, delineate, and characterize ecoregions (Loveland and 
Merchant, 2004). Most approaches attempt to define unique spatial associations of 
climate, soils, landforms, and vegetation; however these methods are still in flux. 
Meanwhile, in parallel with the development of research on ecoregions, the science of 
landscape ecology (the science devoted to study the landscape structure, pattern, and 
process) has matured. But there has been little overlap between “ecoregion science” 
(ecoregion delineation, description and classification) and landscape ecology, even 
though one can suspect that landscape structure should vary between different types of 
ecoregions.  
In the United States, two approaches for ecoregionalization have been used most 
often. These are generally referred to as, respectively, the Bailey and Omernik 
approaches after their principal authors. In general, the methods used for ecoregion 
classification integrate key factors that play an important role in ecosystem 
differentiation, such as vegetation, soil, landform, and climate.  
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Landscape ecology is the science devoted to study of the landscape structure and 
pattern, the interactions among the different elements of the landscape (usually 
represented by maps of land use and land cover), and how these patterns and interactions 
change over time (Turner, 2005; Turner, et al., 2001; Forman, 1995; Turner, 1989; 
Urban, et al., 1987; Forman and Godron, 1986; Forman and Godron, 1981). Through the 
study of spatial patterns and ecological processes, landscape ecology allows a better 
understanding, analysis, and planning of natural resources. Landscape pattern metrics are 
commonly used to characterize landscape structure and to relate landscape patterns to the 
ecological processes (Turner, 2005). However, landscape pattern metrics have 
infrequently been used in the ecoregionalization process. Moreover, the characterization 
of landscape structure within ecoregions is uncommon.  
1.1.  Research objectives 
The principal objective of this research was to determine if and how landscape 
structure (quantified by landscape pattern metrics) may be related to ecoregions 
established using Omernik’s approach to ecoregionalization in the central United States. 
Three specific questions were addressed: 
 Do selected landscape pattern metrics change from one ecoregion to another in a 
predictable and meaningful way?  
 Can landscape pattern metrics be used to systematically and objectively characterize 
ecoregions? 
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 Do landscape pattern metrics provide information that could be used to help define 
and delineate ecoregions boundaries? 
1.2.  Overview of Methods  
The study area was the central United States including the Great Plains and 
adjacent areas in the Eastern Temperate Forest ecological region (Figure 1.1).  There are 
26 Omernik Level III ecoregions in this area.  The characterization of landscape structure 
of these ecoregions was conducted over selected sample areas.  The sample areas in each 
ecoregion consist of non-overlapping 45 km x 45 km blocks.  One or two blocks were 
positioned in each ecoregion. 
For the area covered by each block and border (a buffer of 12 km around the 
block), the land uses / land covers (LULC) were extracted from the U.S. Geological 
Survey National Land Cover Dataset (NLCD) 2006.  The NLCD represents the land 
cover status for the conterminous United States with a spatial resolution of 30 m.  
Each of the blocks was analyzed with FRAGSTATS a software package widely 
used by landscape ecologists (McGarigal, et al., 2002).  Nine commonly used metrics 
were derived for each sample block at the class and the landscape-level.  The results of 
the analysis for each ecoregion were summarized using tables and graphics that aid in the 
comparison and interpretation of the results for each ecoregion.  
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Figure 1.1. Ecoregions comprising the study area (red hatch) in the Central Great Plains 
and Eastern United States (CEC, 1997) 
1.3.  Potential Implications of the Research 
The research undertaken in this thesis is expected to contribute to a better 
understanding of relationships between landscape ecology (manifested in the landscape 
pattern metrics that describe landscape structure) and ecoregions.  It is expected that 
results of the study will (1) aid in development of improved techniques for identification, 
definition, delimitation and characterization of the ecoregions, and (2) suggest methods 
for incorporating landscape structure into ecoregions-based analyses. 
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1.4.  Thesis outline 
This thesis is organized into five chapters. Chapter one introduces the subject, 
outlines the problem, establishes the research objectives, and summarizes the methods. 
Chapter two comprises a review of important background literature. Chapter three 
presents the delimitation and characterization of the study area, and provides details on 
the methods and analysis procedures used. The results are presented and discussed in 
chapter four. In chapter five, the conclusions and directions for future research are 
identified.  
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Chapter 2:  Background 
2.1.  Introduction 
This thesis explores possible relationships between ecoregions and landscape 
patterns as represented by metrics commonly used in landscape ecology.  It is 
hypothesized that ecoregions of a given type will generally exhibit internal homogeneity 
in landscape patterns, but patterns will vary significantly among ecoregions of different 
types.  If the latter is true, then landscape pattern metrics could, perhaps, be used to assist 
in defining, demarcating and describing ecoregions.  This chapter focuses on 
summarizing selected research pertinent to these issues.  Attention will be given to 
traditional ways in which ecoregions have been identified and mapped, current methods 
used to measure landscape patterns, and the few studies that have explored the possible 
relationships between ecoregions and landscape patterns. 
The term ecoregion is defined as an “area with relative homogeneity in 
ecosystems” (Omernik and Bailey, 1997).  Ecoregions exhibit specific relationships 
between vegetation, climate and other physical features (e.g., relief, geology and soils) 
and therefore are considered areas that have similar ecological capacity and potential.  
Given these similarities, it is expected that principles established anywhere within the 
ecoregion can be reasonably extrapolated to other places inside the same ecoregion 
(Omernik and Bailey, 1997; O'Neill et al., 1996; Omernik, 1987; Bailey 1983).  Today, 
ecoregions are often used in inventory, evaluation, monitoring and management of 
ecosystems (Omernik, 2004; McMahon et al., 2001; Bryce et al., 1999; Omernik and 
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Bailey, 1997; Bailey, 1996; Omernik, 1995; Bailey 1983; Omernik, 1987).  Although 
there are several methods commonly used to demarcate and characterize ecoregions, 
there is still considerable debate about the factors and procedures best used for ecoregion 
identification, delineation and characterization (Loveland and Merchant, 2004; Omernik 
2004). 
Landscape ecology is the science focused on understanding the causes and 
consequences of the spatial patterning of ecosystems in the landscape (Turner, 1989).  
Landscape patterns have often been shown to be closely linked to ecological processes 
(Turner, 2005; Gustafson, 1998; Schumaker, 1996; Wiens, 1995; Wiens et al 1993; 
Holling, 1992; Turner, 1989; Turner et al., 1989a, Wiens, 1976).  Thus, researchers have 
developed a suite of metrics to measure various aspects of landscape pattern (McGarigal 
et al., 2002; He et al., 2000; Gustafson, 1998; McGarigal and Marks, 1995; Li and 
Reynolds, 1993; Turner and Gardner, 1991; Turner, 1990; O’Neill et al., 1988). 
The process of mapping ecoregions and the science of landscape ecology should 
be closely related, as both are concerned with the identification of patterns, structures, 
and processes of ecosystems. Review of the scientific literature, however, makes it 
apparent that researchers who have focused on ecoregions have tended to emphasize 
mapping, while landscape ecologists have largely dealt with linkages between pattern and 
process.  Moreover, ecoregions scientists and landscape ecologists have tended to address 
problems at differing scales with the first group generally focusing on the regional and 
global scale and the latter on detailed studies of relatively small areas.  It is noteworthy 
that, although ecoregions are, by definition, areas that exhibit some degree of 
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homogeneity in ecological processes, landscape pattern has rarely been used to map or 
characterize such regions (e.g. Riitters et al., 2006; Gallant et al., 2004; Griffith et al., 
2003; Bourgeron et al., 1999).  Research is needed to determine if and how ecoregions 
and landscape pattern are related. 
2.2.  Ecoregions Mapping 
Geographers and other scientists have long focused on describing and classifying 
regions of the world.  The methods used to delineate and characterize ecoregions today 
are founded upon many early efforts to map “natural regions”, “biomes” or “life zones” 
(e.g., Walter 1985; Van Newkirk 1975; Holdridge 1967; Dice 1943; Clements and 
Shelford 1939; Herbertson 1905; Merriam 1898).  Almost all previous studies involved 
attempts to identify regions that exhibit a degree of homogeneity among several co-
occurring key factors (e.g., vegetation, climate, topography, geology and soils).  It was 
assumed that the factors selected not only strongly influence the distribution of biota, but 
also ecosystem function.  The knowledge gained from previous investigations has now 
been integrated into the concept of ecoregions.  Such regions have been found to be 
extraordinarily useful for ecosystems inventory, evaluation, monitoring and management.  
Yet, contemporary scientists continue to disagree on procedures to define and delimit 
ecoregions. 
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Ecoregions of United States 
In the United States, two approaches for mapping ecoregions have been dominant 
– that developed by Robert Bailey, an ecologist with the U.S. Forest Service, and an 
alternative approach developed by James Omernik, a geographer with the U.S. 
Environmental Protection Agency (USEPA).  Both approaches are hierarchical; that is, 
both systems employ an approach to mapping where large, generalized ecoregions are 
systematically subdivided into smaller, nested subregions according to a set of rules that 
govern each approach for ecoregion definition and mapping.  Bailey and Omernik differ, 
however, in the factors, methods and rules used to define different levels of ecoregions. 
Bailey’s Ecoregions 
Bailey’s procedure for mapping ecoregions is based on a “controlling factors 
method” which confers dominance or greater relevance to one particular environmental 
controlling factor at each level of regional differentiation (Bailey, 1983; Bailey, 1976, 
revised 1994).  Factors used include climate, land surface form, soils and potential natural 
vegetation.  At the upper level, the broadest level in his classification, are domains 
defined primarily on the basis of ecological climate zones.  Domains are subdivided into 
divisions based on land-surface form, principal soil orders, and potential natural 
vegetation.  Divisions are further subdivided into provinces on the basis of macrofeatures 
of the vegetation, and provinces can be further subdivided into sections and subsections, 
based on land- surface features and lithologic structure (Bailey, 2009; Bailey, 1998; 
Bailey, 1996; Bailey, 1989; Bailey, 1983; Bailey, 1980).  An example of the different 
levels of this classification is presented in Figure 2.1. 
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Figure 2.1. Bailey’s and Omernik’s ecoregions of Nebraska (Bailey, 1994; USEPA, 
2011) 
 
Using this methodology Bailey has mapped the ecoregions of North America 
(Bailey and Cushwa, 1981; revised Bailey, 1997; 1998) and has also developed maps of 
the ecoregions of the world’s continents (Bailey, 1989) and oceans (Bailey, 1996).  The 
U.S. Forest Service has used Bailey’s maps as the foundation for the National 
Hierarchical Framework of Ecological Units (ECOMAP) under which additional 
hierarchical levels are recognized.  This framework was adopted by the U.S. Forest 
Service for use in ecosystem management in 1993 (Loveland and Merchant, 2004; 
McMahon et al., 2001; Bailey, 1996). 
11 
 
Omernik’s ecoregions 
Omernik’s system for mapping ecoregions employs a more subjective 
methodology often described as a “weight of evidence approach” (McMahon et. al., 
2001) or “gestalt method” (Bailey, 1996).  The system assumes variation in the relative 
importance of the specific factors used from one place to another (Omernik, 2004; 
Omernik, 1995; Omernik, 1987).  Ecoregions are delineated where there are observed 
unique associations of geology, physiography, soils, vegetation, land use, climate, 
hydrology, and terrestrial and aquatic fauna.  Maps and other materials that depict and 
describe the geographic nature of each factor are examined holistically and interpreted 
using expert knowledge.  Omernik (2004, 1995) asserts that the strength of his approach 
lies in the ability to analyze multiple geographic phenomena associated with spatial 
differences in the mosaic of ecosystems. 
Omernik’s maps of ecoregions have been adopted by the USEPA as its 
framework for ecosystem management.  Four hierarchical levels of mapping are currently 
complete.  The smallest scale maps portray ecoregions classified at Level I, which is the 
most general depiction of ecoregions (CEC, 1997).  Level I ecoregions are further 
subdivided into Level II, which are useful for national and subcontinental analyses.  Level 
II ecoregions are further subdivided into Level III, a level appropriate for use in regional 
decision-making.  At Level III North America is subdivided into 181 ecoregions (Wiken 
et al., 2011), of which 105 are in the United States, and 85 in the conterminous United 
States (USEPA, 2011).  Level III are further subdivided into Level IV, which provides 
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detailed information required for local analyses.  An example of the four levels of this 
classification is presented in Figure 2.1. 
Unlike Bailey, Omernik considers not only natural factors but also human 
processes (Omernik, 2004; Omernik, 1995).  Humans are viewed as key biological 
components of ecosystems, and human activity is incorporated through the inclusion of 
land use as one of the factors for the definition and delimitation of ecoregions (McMahon 
et al., 2001).  In Figure 2.1, it is evident that the four levels of Omernik’s ecoregions 
seem to capture more fine-grain features of the landscape, while the four levels of 
Bailey’s ecoregions look more general, capturing only coarse features of the regions.  
Although Bailey’s approach is more systematic and can be considered less subjective 
than Omernik’s approach, the inclusion of land use by Omernik makes his maps best 
suited for this study because of the strong linkage between land use and landscape 
patterns.  
2.3.  Landscape structure 
The term landscape ecology was coined by the German biogeographer Carl Troll 
in 1939 to identify an area of science devoted to the study of the relationships between 
organisms and their environment in a specific landscape (Troll, 1950).  Perhaps the best 
contemporary synopsis of the field of landscape ecology has been presented by Forman 
and Godron (1986, 1981), and more recently by Turner (2005), and Cushman et al., 
(2010a).  They and others emphasize the importance of landscape pattern on ecological 
processes within landscapes mapped at different levels (“scales”), and summarize some 
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of the methods used to quantify landscape pattern and the interactions among different 
elements of a landscape (usually represented by land use and land cover [LULC] maps) 
(Turner, 2005; Turner et al., 2001; Gustafson, 1998; Forman, 1995; Wiens et al., 1993; 
Turner, 1989; O’Neill et al., 1988; Urban et al., 1987; Forman and Godron, 1986; Forman 
and Godron, 1981). 
Today, landscapes are most often represented by the patch-corridor-matrix model 
(Forman and Gordon, 1986).  According to Forman (1995) a patch is defined as “a 
relatively homogeneous nonlinear area that differs from its surroundings”; a corridor is 
“a strip of a particular type that differs from the adjacent land on both sides”; and the 
matrix is “the background ecosystem or LULC type in a mosaic, characterized by 
extensive cover, high connectivity, and / or major control over dynamics”.  Patches and 
corridors tend to be characterized by relatively homogeneous environmental conditions, 
and the boundaries that define them generally coincide with discontinuities in 
environmental characteristics as perceived by or relevant to the organism or ecological 
phenomenon under consideration (McGarigal and Marks, 1995; Wiens, 1976). 
The patch-corridor-matrix model is perhaps the simplest way to depict landscape 
structure, where patches, considered as analogues of islands in a featureless ocean, may 
be connected to other patches or corridors (Forman, 1995: Wiens, 1995).  This binary 
representation (habitat and inhospitable matrix) has been called the static island 
biogeographic model (Cushman et al., 2010a).  For most organisms, however, the matrix 
is not ecologically neutral, thus spatial variation is best considered as a mosaic of patches 
wherein a landscape is an assemblage of different patch types, and the particular spatial 
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configuration of patches is critical to characterize the landscape structure (Wiens, 1995).  
This dynamic landscape mosaic model (Cushman et al., 2010a), offers a more realistic 
representation of how organisms perceive and interact with landscape patterns.  A third 
approach is to represent landscape patterns using gradients instead of discrete, absolute 
edges to bound patches and corridors (Cushman et al., 2010b; McGarigal et al., 2009; 
McGarigal and Cushman, 2005; Wiens, 1995), but this gradient paradigm has not yet 
been widely adopted. 
The quantification of landscape patterns is considered a prerequisite to the study 
of ecological processes and the interactions between these processes and the landscape 
structure (Turner, 2005; Gustafson, 1998; Schumaker, 1996; Wiens, 1995; Wiens et al 
1993; Holling, 1992; Turner, 1989; Turner et al., 1989a, Wiens, 1976).  Thus, much 
effort has been placed on developing landscape pattern metrics, and literally hundreds of 
indices have been developed (McGarigal et al., 2002; He et al., 2000; Gustafson, 1998; 
McGarigal and Marks, 1995; Li and Reynolds, 1993; Turner and Gardner, 1991; Turner, 
1990; O’Neill et al., 1988).  
Landscape pattern metrics 
Landscape pattern metrics quantify landscape structure using categorical maps 
depicting the composition and configuration of LULC classes (also called categories, 
patch types or just classes) on the map.  Metrics that focus on composition usually 
enumerate the number of classes that occur in a landscape, the proportion of each class in 
a specific area relative to the classes on the entire map, and / or the diversity of classes in 
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an area, but they are not spatially explicit.  Metrics that describe landscape configuration 
quantify characteristics of LULC such as spatial distribution, orientation and shape of 
individual patches within a landscape (Gustafson, 1998; McGarigal and Marks, 1995; Li 
and Reynolds, 1993).  
In general, landscape pattern metrics can be calculated over three levels for a 
given landscape: 1) for the overall landscape, 2) for each class or for a specific class, and 
3) for each patch.  The characteristics of individual patches, such as size, shape, and 
distance to neighboring patches are quantified at the patch-level (a unique value for each 
patch).  Class-level metrics use these values for all the patches in the same LULC type to 
return a value for the entire class in the landscape.  Landscape-level metrics provide 
unique values without reference to individual patches or classes, as they aggregate the 
properties for all the patches in the landscape.  In fact, many of the metrics at this level 
are derived by summing or averaging over all patches or classes.  
The software most commonly used for calculating landscape pattern metrics is 
FRAGSTATS, initially developed by McGarigal and Marks (1995; McGarigal et al., 
2002).  The most current version of FRAGSTATS (version 3.4) computes metrics over 
all three levels as noted above (landscape, class and patch-level), and provides options for 
computing more than 100 landscape pattern metrics.  A forthcoming revision of 
FRAGSTATS (version 4.1) is expected to support additionally the cell-level metrics and 
surface pattern metrics that can be used for the landscape characterization under the 
gradient paradigm (McGarigal et al., 2012). 
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Li and Wu (2004) identified a number of issues that may lead to improper use or 
interpretation of landscape pattern metrics.  Some of the issues in landscape analysis with 
landscape pattern metrics include misunderstandings about the impacts of scale, grain, 
and extent, the influences of differing methods used to define patches, and the effects of 
techniques used to classify and map land cover. 
Scale, extent and grain 
The term scale, as used in landscape ecology, very generally refers to the spatial 
and / or temporal dimension(s) of the object, area or process being studied (e.g., the 
population sampled or the overall area encompassed by a study).  The total area 
encompassed by a study is called the extent (O’Neill et al., 1996; Turner et al., 1989b; 
Wiens, 1989), while the smallest unit of analysis defines the grain (O’Neill et al., 1996; 
Turner et al., 1989b; Wiens, 1989).  In most instances, the grain is fixed by the spatial 
resolution of the data (e.g., the pixel size for LULC data derived from remote sensing).  
Many investigators have studied how the spatial and temporal scale of 
observation (including grain and extent) influence ecological processes, landscape 
patterns and landscape pattern metrics (Saura and Martínez-Millán, 2001; Bissonette, 
1997; O’Neill et al., 1996; Wickham and Riitters, 1995; Levin, 1992; Wiens, 1989; 
Turner et al., 1989a; 1989b; Addicott et al., 1987; Meentemeyer and Box 1987).  O’Neill 
et al. (1996) found that when using land cover data derived from AVHRR (Advanced 
Very High Resolution Radiometer) satellite imagery, which has a spatial resolution of 1 
km
2
, the grain should be 2 to 5 times smaller than the smallest patch in the landscape, and 
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the extent must be 2 to 5 times larger than the largest patch to avoid bias in calculating 
landscape pattern metrics. 
However, the effect of variation in land cover spatial resolution on landscape 
patterns is not yet clear.  For instance, when Wickham and Riitters (1995) used land 
cover data derived from interpretation of aerial photos to examine impacts of changes in 
grain (pixel size) from 4 meters up to 80 meters, they found that such changes did not 
dramatically affect diversity and evenness metrics.  On the other hand, Bourgeron et al. 
(1999) found that when using LULC derived from AVHRR (spatial resolution of 1 km
2
), 
Landsat Thematic Mapper (TM) and the Natural Resources Conservation Service 
(NRCS) data (the last two with a spatial resolution of 30 meters), the ability to 
characterize fine-resolution landscape patterns of the metrics used (number of patches, 
mean patch size, number of cover types, evenness, connectivity, and fractal dimension) 
was limited when using the data with coarser grain size.  Similarly, Turner (1989b) found 
that when pixels were aggregated to change the grain of USGS land use and land cover 
data (LUDA) (original pixel size of 4 ha), the less abundant and more fragmented classes 
were lost and dominant classes were overrepresented; the rate of change, however, 
depended upon the landscape pattern observed.  
The studies reviewed seem to agree that data with coarse grain (spatial resolution 
of 1 km
2
 or more) appear to bias the results of the landscape pattern metrics.  Thus, a 
moderate spatial resolution, such as 30 meters, is thought to be appropriate for this 
research in order to capture the fine resolution features in the landscape that could make a 
difference in the characterization of the ecoregions.  In the context of this research the 
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scale will be defined with reference to the total area under study, and the extent will be 
defined by the size of the sample area for the ecoregions, taking into account the 
suggestion of O’Neil et al. (1996). 
Patch definition 
Landscape pattern metrics are also influenced by the method used to define 
landscape patches.  Most often, patches are defined using LULC data derived from 
remotely-sensed images; therefore, in practical terms, a patch is a contiguous group of 
pixels classified in the same LULC class.  Two methods have been established to define 
contiguity.  The most common method (called the four-neighbor rule, cardinal directions, 
or Rook’s move), considers a pixel and its four nearest neighboring pixels in the 
orthogonal directions.  If two pixels of the same LULC class share an edge they will be 
part of the same patch; however, pixels of the same LULC type arrayed along a diagonal 
will be treated as separate patches (Gardner and Walter, 2002; Turner et al., 2001).  This 
method is the most frequently used in the landscape ecology literature (e.g., Saura and 
Martínez-Millán, 2001; Griffith et al., 2000; With et al., 1997; Pearson and Gardner, 
1997; Riitters et al., 1995; Li and Reynolds, 1994; Turner and Ruscher 1988). 
A more elegant method is the eight-neighbor rule (or Queen’s move) (e.g., Linke 
et al., 2009; Cardille et al., 2005; Neel et al., 2004; Hargis et al., 1998; Schumaker 1996).  
This technique considers eight adjacent cells when looking at the neighboring pixels, thus 
pixels of the same LULC class that are oriented in either the cardinal or diagonal 
directions will be considered as members of the same patch. 
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The selection of the method to define patches is crucial in a study, because each 
method produces different results for metrics such as patch size, perimeter and number of 
patches, which are fundamental descriptors of a landscape and are used to calculate many 
other metrics. Additionally, it is important to point out that when using the four-neighbor 
rule if the landscape is rotated 45°, those pixels that were touching only diagonally could 
become neighbors, then pixels that were analyzed as being part of different patches, after 
this rotation could form a unique patch.  This could generate different results for the same 
landscape if analyzed with images that have different orientation.  Thus, in this research 
the eight-neighbor rule will be used because it delineates patches in a way that is possibly 
closer to reality, creating patches that represent the real discontinuities in LULC classes. 
Land cover classification 
As noted above, landscape pattern analysis is almost always based on land cover 
maps derived from remotely sensed data.  Landscape pattern metrics can be greatly 
influenced by the methods used for LULC classification and mapping (e.g., number and 
types of classes) (Peng et al., 2007; Brown et al., 2004; Bourgeron et al., 1999; 
Mladenoff et al., 1997; Wickham et al., 1997).  In addition, accuracy of LULC mapping 
can have important effects on landscape pattern metrics (Brown et al., 2004; Hess and 
Bay, 1997; Wickham et al., 1997). 
Bourgeron et al. (1999) using data derived from AVHRR imagery, found that a 
more detailed LULC classification scheme (Anderson Level II) provided increased ability 
to differentiate landscape patterns when compared to a coarse classification (Anderson 
Level I).  Brown et al. (2004) reached similar conclusions regarding classification detail 
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when using LULC data derived from Landsat TM satellite imagery and from color 
infrared (CIR) aerial photographs, but also noted the important influence of class 
definition. 
Peng et al. (2007) conducted a systematic aggregation of land cover classes and 
found that as classification detail changed, the values of some of the most commonly 
used landscape-level metrics changed significantly.  Twelve metrics (number of patches, 
patch density, edge density, landscape shape index, aggregation index, mean patch size, 
mean patch shape index, mean patch fractal dimension, Shannon’s diversity index, 
modified Simpson’s diversity index, perimeter-area fractal dimension, and Simpson’s 
diversity index) changed predictability as shown by simple function relations in 
regression analysis.  Seven metrics (patch-size standard deviation, patch-size coefficient 
of variation, largest patch index, landscape division index, patch cohesion index, area-
weighted mean patch fractal dimension, and area-weighted mean patch shape index) 
showed more complicated behaviors.  The response curves of these metrics were not easy 
to predict with regression analysis, and could not be described by a single function.  And, 
five metrics (landscape dominance index, Shannon’s evenness index, Simpson’s 
evenness index, modified Simpson’s evenness index and contagion index) exhibited 
unpredictable behaviors in the regression analysis against the change of the land-use 
categorization, and were highly dependent upon the specific LULC categories utilized. 
The findings of these studies suggest that to compare landscape patterns across 
space or through time, LULC classification schemes employed in analysis must be 
identical.  Additionally, it is very important to select an appropriate LULC classification 
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level, because the patterns identified with a detailed classification scheme (more LULC 
classes as in Anderson level II) could be significantly different than those identified with 
a coarser scheme. 
To ensure consistency and reliability in use of landscape pattern metrics it is 
necessary to have a high degree of classification accuracy in LULC maps.  Wickham et 
al. (1997), using land cover data derived from Landsat TM satellite imagery, tested the 
sensitivity to LULC misclassification and the effects of land-cover composition on 
landscape pattern metrics such as average patch compaction, fractal dimension, and 
contagion.  Their results suggest that differences in land-cover composition need to be 
about 5% greater than the misclassification rate to be confident that differences in 
landscape pattern metrics are not due to misclassification in the LULC maps.  Shao et al. 
(2001), and Shao and Wu (2004; 2008), using similar Landsat TM-derived LULC data, 
found that the variation in the values of landscape pattern metrics generally decreases 
when LULC classification accuracy increases, but the sensitivity of each landscape 
pattern metric to the LULC classification accuracy is variable. 
Although there is still much to be learned about effects of LULC classification on 
landscape pattern analysis, it is clearly imperative to employ a LULC classification 
scheme that provides a reliable landscape analysis according to the objectives of the 
study.  It is also very important to report the LULC classification accuracy of the dataset 
used in each study to provide an assessment of the reliability of the landscape analysis. 
22 
 
Selection of landscape pattern metrics 
During the last three decades dozens of landscape pattern metrics have been 
proposed (McGarigal et al., 2002; He et al., 2000; Gustafson, 1998; McGarigal and 
Marks, 1995; Li and Reynolds, 1993; Turner and Gardner, 1991; Turner, 1990; O’Neill et 
al., 1988).  Several studies, however, have demonstrated that many landscape pattern 
metrics are highly correlated with one another and, thus, provide essentially redundant 
information.  As a consequence, much research has been directed towards identification 
of a small set of key independent measures that can be used to characterize landscape 
structure (e.g., Cushman et al., 2008; Linke and Franklin, 2006; Griffith et al., 2000; 
Hargis et al., 1998; Cain et al., 1997; Riitters et al., 1995). 
Li and Reynolds (1994) proposed that five attributes should suffice to describe 
landscape pattern as depicted in LULC maps: (1) the number of classes that occur in an 
area of study, (2) the percentage of the area occupied by each class, (3) the spatial 
arrangement of patches, (4) patch shape, and (5) contrast between neighboring patches.  
Riitters et al., (1995) performed a multivariate factor analysis on 55 landscape pattern 
metrics calculated for 85 LULC maps representing a variety of U.S. physiographic 
regions; these maps were selected from the USGS Land Use Data Analysis (LUDA) 
database of land use and land cover derived from high-altitude aerial photography.  Using 
Principal Components Analysis (PCA), they found that six common and orthogonal 
factors or dimensions, represented by six metrics, can account for most of the observed 
variation in landscape patterns: (1) average patch perimeter-area ratio, (2) contagion, (3) 
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standardized patch shape, (4) patch perimeter-area scaling, (5) the number of LULC 
classes, and (6) large-patch density-area scaling. 
In subsequent work, Cain et al. (1997) using land cover maps derived from 
Landsat TM satellite imagery, determined that six factors explained between 92 and 97% 
of the variability among the landscape pattern metrics analyzed by Riitters et al., (1995).  
The most important factor was texture (measured by the contagion index and maximum 
LULC class proportion).  This factor was consistent across datasets, and explained most 
variance regardless of the spatial resolution or number of LULC classes used for the 
landscape analysis.  Other key factors included the number of LULC classes present in 
the landscape, the average patch shape (fractal dimension) and compaction. 
Hargis et al. (1998) used artificial landscapes to study landscape pattern metrics, 
including four of those identified by Riitters et al (1995) as key metrics (edge density, 
contagion, perimeter-area fractal dimension, and mass fractal dimension), and two 
measures of inter-patch distance: nearest neighbor distance and mean proximity index.  
They concluded that, with the exception of contagion and edge density (which exhibited 
near-perfect inverse correlation), each of the metrics evaluated offered unique 
information about landscape pattern.  On the other hand, they noted that, since these 
metrics are based mostly on patch size and shape, they are relatively insensitive to 
variations in the spatial arrangement of patches in a landscape. 
In recent research, Griffith et al. (2000) used PCA to evaluate 27 landscape 
pattern metrics of the state of Kansas.  The metrics were evaluated for LULC data 
derived from Landsat TM satellite imagery that had been resampled to a hexagonal grid 
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at three spatial resolutions: 30 m, 100 m, and 1 km.  They found that five components of 
landscape structure explained between 81 and 89% of the variation in the data at all 
resolutions: (1) overall landscape texture, (2) patch shape and size, (3) cropland and 
grassland class-specific metrics, (4) patch interspersion, and (5) nearest neighbor 
attribute.  Individual metrics determined to be most important included a modified 
Simpson's diversity index, the area-weighted mean patch fractal dimension, the 
interspersion and juxtaposition index, and the largest patch index for grasslands.  Other 
group of metrics identified as potentially useful in landscape monitoring are those related 
with nearest neighbor distances, similarly to what was suggested by Hargis et al. (1998).  
However, the results of Griffith et al. (2000) were not conclusive as these metrics were 
correlated with a component that accounted for little variance and were also correlated 
with other components such as contagion and IJI. 
Linke and Franklin (2006) used PCA and clustering to study 49 metrics at the 
class-level and 54 landscape-level metrics using land cover maps derived from Landsat 
ETM+ satellite imagery.  They found that at the class-level five components explained 
the majority of the variation: large patch dominance, nearest neighbor, patch shape 
complexity, edge contrast, and aggregation.  The landscape-level analysis identified six 
components that explained approximately 86% of the variance in the landscape level 
metrics studied: contagion-diversity, edge contrast, interspersion-patch shape, large patch 
dominance, area-weighted proximity and patch dispersion.  Similarly, Cushman et al. 
(2008), using the same 49 class-level and 54 landscape-level metrics, concluded that 
seven components at the class-level were most universal and consistent: edge contrast, 
patch shape complexity, aggregation, nearest neighbor distance, patch dispersion, large 
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patch dominance, and neighborhood similarity.  At the landscape-level eight components 
were universal and consistent: contagion/diversity, large patch dominance, 
interspersion/juxtaposition, edge contrast, patch shape variability, proximity, and nearest 
neighbor distance. 
Studies such as those cited above, make it clear that it is not necessary to employ 
all landscape pattern metrics to characterize a landscape, but the selection of the set of 
metrics to use is an important decision in a study.  Although previous studies demonstrate 
that landscape structure can be characterized using a few key metrics, they are not in 
complete agreement on the minimum set of metrics that are most useful.  This is likely 
due to several factors, including the fact that the studies were undertaken in different 
landscapes, used different land cover map sources with different LULC classifications, 
and used different grain and scales.  However, components such as LULC diversity, 
patch size, shape and complexity, landscape texture, inter-patch distance, and patch 
interspersion appear frequently among the components that explain most of the variance 
in landscape patterns. 
2.4.  Use of landscape pattern metrics to characterize ecoregions 
The ability of landscape pattern metrics to differentiate landscape patterns among 
ecoregions delineated using Bailey’s approach was tested by Bourgeron et al. (1999). 
Using land cover data derived from AVHRR, Landsat TM satellite imagery and the 
Natural Resources Conservation Service (NRCS) soil survey data; they examined regions 
defined at two levels (provinces and sections).  They found that combinations of class-
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level (percentage area of each LULC class, mean patch size) and landscape-level metrics 
(evenness, connectivity, and fractal dimension) successfully characterized differences 
among ecoregions at province and section levels.  When comparing two different LULC 
classification levels (Anderson level I and II), they noted that the finest level of 
classification (Anderson level II) performed best.  LULC data with a coarse spatial 
resolution (1 km) was not as useful as the fine spatial resolution (30 m) land cover data.  
The research conducted by Bourgeron et al. (1999) showed that LULC data having fine 
spatial resolution (30 m) and a moderate LULC classification level (Anderson level II) 
can be used to characterize and differentiate among Bailey’s ecoregions at province and 
section levels. 
Griffith et al. (2003) evaluated trends between 1972 and 2000 in 10 landscape 
pattern metrics in five Omernik’s ecoregions level III in the mid-Atlantic and 
southeastern United States, using a probability sample of 20 km x 20 km sampling 
blocks. The landscape pattern metrics used were: number of patches, number of forest 
patches, forest edge, forest area-weighted mean patch size, forest percentage of like 
adjacencies, perimeter-area fractal dimension, area-weighted mean area-perimeter ratio, 
percent agriculture, percent urban and percent forest.  They found that in most cases, the 
temporal trend for each index was statistically significant within each ecoregion, and for 
five of the ten indices tested, the linear component of trend was statistically different 
between ecoregions. And they suggested that those results support the use of ecoregions 
as geographically coherent units to evaluate LULC change over time.  
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Later, Gallant et al. (2004) summarized some of the literature published about the 
associations between the LULC dynamics and different ecological frameworks for the 
United States, such as Bailey’s and Omernik’s ecoregions, but also they used the 
ecoregion framework (Omernik’s ecoregion level III) to document trends in 
contemporary LULC dynamics over the conterminous United States from 1973 to 2000 
for six eastern ecoregions.  They concluded that ecoregion boundaries correspond well 
with LULC patterns, and that ecoregions provide useful strata for communicating the 
status and trends of land-cover and land-use change across the nation because ecoregions 
are visible and they can be related to specific environmental characteristics. 
Riitters et al., (2006), compared stratifications based on Omernik (1987) level III 
ecoregions, Bailey (1995) ecological regions (provinces and sections), administrative 
units (states and counties), and hydrologic units (watersheds).  Within each analysis unit, 
they calculated 17 landscape-level and forest indices representing different aspects of 
LULC composition and pattern. They found that Omernik ecoregions accounted for 75 % 
of the total variance for percent forest and 66 % of the total for percent agriculture. In 
contrast, only 20 to 34 % of the total variance of LULC pattern indices, and 13 % of the 
total for percent developed, was attributable to ecoregions.  Similar results were obtained 
for the Bailey ecoregions and furthermore, provinces accounted for more variance than 
sections for percent forest and percent agriculture whereas the opposite was typical for 
the other indices.  Strata defined by watersheds and administrative units also accounted 
for more variance of percent forest and percent agriculture in comparison to the other 
indices. For the administrative stratification, states and counties accounted for about the 
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same percentage of total variance of percent forest and percent agriculture. For the other 
indices, counties typically accounted for more of the total variance than states. 
In summary, most of the research that relate landscape patterns with ecological 
frameworks found that those frameworks were useful for analyzing LULC patterns and 
LULC changes and trends over time.  Only the results of Bourgeron et al. (1999) 
suggested that landscape pattern can be used to distinguish ecoregions, but their work is a 
single study and their results need to be re-examined to determine if they are replicable.  
Moreover, research is required to determine if similar, or better, results can be attained 
using Omernik’s ecoregions. 
2.5.  Summary and Conclusions 
Today, two methods for ecoregion mapping are widely used in North America.  
These are generally known as the Bailey method and Omernik method respectively.  The 
two approaches to mapping differ in several ways, including the rules and logic used to 
delineate regions and the factors employed in regionalization.  Although each of the 
methods has strengths and weaknesses, for purposes of this research it is noteworthy that 
Omernik’s approach takes into account human activity through the inclusion of land use.  
Landscape patterns often reflect human activity to a large degree; thus, one might assume 
that landscape pattern metrics would be more associated with ecoregions defined by 
Omernik than by Bailey.  As a consequence, Omernik’s map will serve as the basis for 
the research in this thesis.   
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This review of literature shows that any analysis of landscape structure should be 
conducted extremely carefully, and special attention should be given to the parameters 
used.  Factors that must be considered include the characteristics of data sources (e.g., 
spatial resolution), methods used for LULC classification, the techniques used for patch 
definition, and the specific metrics employed. 
Although previous investigators do not completely agree on a critical set of 
metrics that can be used to characterize landscape structure, it looks like that six factors 
are key: (1) the land cover diversity (Cain et al., 1997; Riitters et al. 1995; Li and 
Reynolds, 1994), measured by the number or LULC classes and the proportion of each 
class; (2) patch size and shape (Cushman et al., 2008; Linke and Franklin, 2006; Griffith 
et al., 2000) evaluated by mean patch size and the area-weighted fractal dimension; (3) 
patch perimeter-area scaling, (Cain et al., 1997; Riitters et al., 1995) evaluated by the 
perimeter-area fractal dimension; (4) landscape texture (Cushman et al., 2008; Linke and 
Franklin, 2006; Griffith et al., 2000; Hargis et al., 1998; Cain et al., 1997; Riitters et al., 
1995) evaluated using contagion; (5) inter-patch distance (Cushman et al., 2008; Linke 
and Franklin, 2006; Griffith et al., 2000; Hargis et al., 1998) measured using the mean 
Euclidean nearest neighbor distance and the standard deviation around the mean, and (6) 
patch interspersion (Cushman et al., 2008; Linke and Franklin, 2006; Griffith et al., 2000) 
measured by an interspersion and juxtaposition index.  These factors will be used in this 
thesis to determine if and how landscape structure (quantified by these metrics) is related 
to ecoregions established using Omernik’s approach to ecoregionalization. 
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Chapter 3:  Methods 
The principal objective of this research was to determine if and how landscape 
structure (quantified by landscape pattern metrics) may be related to ecoregions defined 
using Omernik’s approach to ecoregionalization.  Three specific research questions are 
addressed: (1) Do selected landscape pattern metrics change from one ecoregion to 
another in a predictable and meaningful way? (2) Can landscape pattern metrics be used 
to systematically and objectively characterize ecoregions? and (3) Do landscape pattern 
metrics provide information that could be used to help define and delineate ecoregions 
boundaries? 
This chapter summarizes the methods used to investigate these questions (Figure 
3.1).  The first step was to select and characterize the study area; then, sample blocks 
were selected over the study area.  For each sample block the land uses and land covers 
[LULC] were extracted from the National Land Cover Dataset (NLCD) 2006 (USGS, 
2011a).  Subsequently, selected landscape pattern metrics were analyzed for each sample 
area using FRAGSTATS v3.4 (McGarigal, et al., 2002).  The results of the analysis for 
each ecoregion were summarized using tables and graphics that aid in the comparison 
and interpretation of the results for each ecoregion. 
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Figure 3.1. Methodology flowchart 
3.1.  Study area 
The study area for this project lies in the central United States (Figure 3.2).  It 
includes 26 of Omernik’s Level III ecoregions comprising the Great Plains and areas of 
the adjacent Eastern Temperate Forest ecological region (Table 3.1).  This area was 
selected in order to have a wide gradient of ecological and physical conditions that result 
in a number of ecoregions suitable for the analysis and comparison of the results.  The 
study area extends from southern Texas and the border with Mexico, to the border with 
Canada in Minnesota, North Dakota and Montana.  The eastern boundary of the study 
area includes part of Louisiana, Arkansas, Missouri, Kentucky, Indiana, Illinois, 
Wisconsin, and Minnesota, while the western extremity reaches into Montana, Wyoming, 
Colorado, New Mexico, and Texas. 
Select and 
characterize 
the study area 
NLCD 2006 
Locate 
sample 
blocks 
Extract 
LULC 
Characterize 
landscape structure 
of sample blocks 
 
Composite 
illustration for 
each ecoregion 
Analysis and 
interpretation 
of results 
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Figure 3.2. Ecoregions comprising the study area (red hatch) in the central United States 
 
This vast area exhibits a large range in elevation, precipitation, temperature, and 
other environmental conditions (Wiken et al., 2011).  Climatological data show that 
mean, minimum and maximum annual temperature patterns follow a general north-south 
gradient, and precipitation patterns follow a general east-west gradient (Figure 3.3) 
(PRISM Climate Group, 2010).  The annual mean temperature ranges from a minimum 
of 1 °C in the Northern Glaciated Plains (ecoregion 9.2.1) in North Dakota to a maximum 
of 23 °C in the Western Gulf Coastal Plain (ecoregion 9.5.1) in coastal Texas.  The 
annual mean maximum temperatures range from 7 °C in the north to 29 °C in the south; 
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and the annual mean minimum temperatures range from -7 °C in the north to 19 °C in the 
south, in these same ecoregions.  Mean annual precipitation ranges from 250 mm in the 
Northwestern Glaciated Plain (ecoregion 9.3.1) in Montana to 1,823 mm in the Ouachita 
Mountains (ecoregion 8.4.8) that cover parts of Kansas and Missouri.  
Table 3.1. Ecoregions level I, II, and III in the study area  
(summarized from Wiken et al., 2011) 
Level I Level II Level III* 
Range of mean 
annual 
temperature 
(°C) 
Range of mean 
annual 
precipitation 
(mm) 
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8.1. Mixed Wood 
Plains 
8.1.4 (51) North Central Hardwood Forests 5 to 7 600 to 890 
8.1.5 (52) Driftless Area 7 to 9 760 to 965 
8.2. Central USA 
Plains 
8.2.3 (54) Central Corn Belt Plains 8 to 12 863 to 1,040 
8.3. Southeastern 
USA Plains 
8.3.2 (72) Interior River Valleys and Hills 10 to 14 860 to 1,320 
8.3.7 (35) South Central Plains 17 to 20 1,050 to 1,700 
8.3.8 (33) East Central Texas Plains 17 to 21 680 to 1,150 
8.4. Ozark / Ouachita 
Appalachian Forest 
8.4.5 (39) Ozark Highlands 12 to 15 965 to 1,244 
8.4.6 (38) Boston Mountains 14 1,118 to 1,372 
8.4.7 (37) Arkansas Valley 15 to 17 1,040 to 1,575 
8.4.8 (36) Ouachita Mountains 15 to 17 1,090 to 1,675 
9
. 
G
re
at
 P
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s 
9.2. Temperate 
Prairies 
9.2.1 (46) Northern Glaciated Plains 1.5 to 8 400 to 610 
9.2.2 (48) Lake Agassiz Plain 2 to 6 450 to 700 
9.2.3 (47) Western Corn Belt Plains 6 to 12 610 to 1,000 
9.2.4 (40) Central Irregular Plains 10 to 16 865 to 1,145 
9.3. West central 
Semiarid Prairies 
9.3.1 (42) Northwestern Glaciated Plains 2.5 to 7 250 to 550 
9.3.3 (43) Northwestern Great Plains 5 to 8.5 250 to 510 
9.3.4 (44) Nebraska Sandhills 9 440 to 580 
9.4 South central 
Semiarid Prairies 
9.4.1 (25) High Plains 8 to 17 305 to 530 
9.4.2 (27) Central Great Plains 10 to 18 455 to 940 
9.4.3 (26) Southwestern Tablelands 9 to 15 255 to 710 
9.4.4 (28) Flint Hills 12 to 15 710 to 1,065 
9.4.5 (29) Cross Timbers 13 to 19 610 to 1,060 
9.4.6 (30) Edwards Plateau 18 410 to 860 
9.4.7 (32) Texas Blackland Prairies 17 to 21 760 to 1,170 
9.5 Texas-Louisiana 
Coastal Plain 
9.5.1 (34) Western Gulf Coastal Plain 20 to 25 580 to 1,625 
9.6 Tamaulipas-Texas 
Semi-Arid Plain 
9.6.1 (31) Southern Texas Plains 20 to 24 450 to 750 
* The codes refer to the map Ecoregions of North America, the codes in brackets 
are the equivalents in the map Ecoregions of the conterminous United States. 
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Figure 3.3. Characterization of the study area (a) mean annual precipitation in millimeters 
(PRISM Climate Group, 2010), (b) mean annual temperature in degrees Celsius (PRISM 
Climate Group, 2010), and (c) elevation in meters above sea level (USGS, 2011b) 
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The study area also exhibits considerable variability in topography.  According to 
the National Elevation Dataset (USGS, 2011b), the elevation ranges from sea level along 
the Western Gulf Coastal Plain (ecoregion 9.5.1) in Texas to approximately 2,800 meters 
above mean sea level (msl) in the Southwestern Tablelands (ecoregion 9.4.3) in 
Colorado. 
The land use and land cover (LULC) in the study area reflects the large variations 
in environmental conditions.  Data extracted from the 2006 National Land Cover Dataset 
(NLCD 2006) indicate that herbaceous grasslands (28.8%), cultivated crops (28.6%), and 
shrub/scrub (10.4%) cover most of the region.  However, pasture / hay (9.2%), deciduous 
forest (8.1%), developed (5.5%), evergreen forest (3.5%), woody wetlands (2.1%), open 
water (1.6%), emergent herbaceous wetlands (1.2%), mixed forest (0.8%), and barren 
land (0.3%) are also important, especially in certain regions (USGS, 2011a). 
3.2.  Data and Data Characteristics 
Four geospatial datasets were required for this research. These were: (1) the 
boundaries and descriptions of Omernik’s ecoregions, and (2) land use and land cover, 
(3) elevation and (4) climatological data for the study area.  The ecoregions data were in 
vector format.  All other data were in raster format at a resolution of 1 arc-second (about 
30 meters) or 30 arc-second (about 1 kilometer).  All data were converted to an Albers 
conical equal area projection and the North American Datum of 1983 (NAD 83). 
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Omernik’s ecoregions 
The ecoregions data used in this research were the most recent version of the level 
III ecological regions of North America (USEPA, 2010, Wiken et al., 2011), which is a 
revised version of the first release in 1997 (CEC, 1997).  The four levels of ecoregions 
for North America and the continental United States were downloaded in vector format 
from the website of the Western Ecology Division of the U.S. Environmental Protection 
Agency (USEPA) (http://www.epa.gov/wed/pages/ecoregions.htm). A shapefile was 
obtained in projected coordinates (Contiguous Albers Equal Area Conic USGS version, 
NAD 83) and in units of meters. 
Land Use and Land Cover Data  
LULC data for this research were obtained from the 2006 National Land Cover 
Dataset (NLCD 2006) (Figure 3.4) developed by the Multi-Resolution Land 
Characteristics Consortium (MRLC), a partnership of ten federal agencies (USEPA, 
NOAA, USFS, USGS, BLM, NASS, NPS, NASA, USFWS, and US Army Corps).  The 
NLCD is a comprehensive seamless LULC database that covers the United States.  It is 
the most recent and most complete land cover database for the Nation.  The NLCD 2006 
dataset was downloaded from the MRLC website 
(http://www.mrlc.gov/nlcd06_data.php). 
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Figure 3.4. Study area delimited in the National Land Cover Dataset 2006 (USGS, 2012a) 
 
The NLCD 2006 is based primarily on unsupervised classification of Landsat 
Enhanced Thematic Mapper+ (ETM+) and Landsat 5 Thematic Mapper (TM) data (Fry 
et al., 2011), and therefore has a nominal spatial resolution of 30 meters.  The NLCD 
2006 was completed following methods similar to those employed for the previous 
versions (1992 and 2001), but using improved mapping protocols performed on an 
individual path / row basis rather than on zones of mosaicked scenes (Fry et al., 2011).  
The NLCD 2006 is the result of the evaluation of change vectors between the 2001 and 
2006 Landsat imagery.  In areas where change was identified, the LULC was updated. 
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The classification system used by NLCD is a modified version of the Anderson 
Land Cover Classification System Level II (Anderson et al., 1976).  The NLCD 2006 has 
19 land cover classes, three of which occur only in Alaska.  In this study, the classes 
associated with urban and developed areas (open space, low, medium and high intensity) 
were collapsed into one, as these three classes occur infrequently.  Thus, there were 12 
LULC classes present in the study area (Table 3.2). 
A formal accuracy assessment of the NLCD 2006 is currently (2012) in progress, 
but the improved methods used for it suggest that the accuracy should be higher than that 
of previous versions.  For the prior release (NLCD 2001), according to Wickham et al. 
(2010), the overall thematic accuracy was about 78.7% for the Anderson Level II and 
85.3% for the Anderson level I. 
Table 3.2. NLCD land covers present in the study area  
Code Land cover 
11 Open Water  
20 Developed  
31 Barren Land (Rock/Sand/Clay)  
41 Deciduous Forest  
42 Evergreen Forest  
43 Mixed Forest  
52 Shrub/Scrub  
71 Grassland/Herbaceous  
81 Pasture/Hay  
82 Cultivated Crops  
90 Woody Wetlands  
95 Emergent Herbaceous Wetlands  
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Elevation 
The National Elevation Dataset (NED) produced by the U.S. Geological Survey 
(USGS) was used to characterize elevation of the study area.  This dataset provides the 
elevation data in a raster format for the conterminous United States at a resolution of 1 
arc-second (about 30 meters).  The elevation values are in meters referenced to the North 
American Vertical Datum of 1988 (NAVD 88) (USGS, 2011b). 
Climatological data 
In order to characterize climatological conditions over the study area, the annual 
mean precipitation, and the mean maximum and minimum annual temperatures for the 
United States were obtained from the PRISM Climate Group 2010 website.  These 
datasets contain annual averages for those parameters for the period 1971-2000.  The data 
were downloaded in raster format, with a cell size of 30 arc-seconds (about 1 kilometer).  
These datasets were in geographic coordinates and in units of decimal degrees, in 
conformance with the NAD 83.  The units of measurement for the annual mean 
precipitation were millimeters times 100.  For the annual mean maximum and minimum 
temperatures the units of measurement were degrees Celsius times 100 (PRISM Climate 
Group, 2010). The annual mean temperature was calculated as the average of the annual 
mean maximum and minimum temperatures. 
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3.3.  Data Processing 
Preprocessing 
ArcGIS® software (version 10.0) was used to process all the data.  First, after 
downloading the datasets described above, they were re-projected to the Albers Conical 
Equal Area projection.  Next, the data were subset to the study area boundaries.  
Sampling 
Landscape structure within each of the Omernik Level III ecoregions of the 
central United States was characterized by analysis of sample areas.  The sample areas 
consisted of non-overlapping 45 km by 45 km “blocks” positioned in the center of each 
ecoregion.  In some cases, where ecoregions had very irregular shapes or were divided 
into separate units, two sampling blocks were used [i.e. ecoregions 8.1.4, 9.2.4, 9.3.1, 
9.4.1, 9.4.2, 9.4.3, 9.4.5].  A total of 33 sample areas were employed in the study with at 
least one block in each ecoregion (Figure 3.5).  
The 45 km by 45 km block size was the largest rectangle that could be placed in 
the smallest ecoregion in the study area without touching or going beyond the ecoregion 
boundary.  The block size also conforms to recommendations of O'Neill, et al. (1996) 
who found that the sample area must be 2 to 5 times larger than the largest patch in the 
landscape to avoid bias in calculating landscape pattern metrics. 
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Figure 3.5. Location of sample units across the study area 
 
A buffer of 12 km around each sample block (Figure 3.6) was extracted to 
provide information on patch type adjacency for those patches on the sample block edge.  
The buffer serves to reduce the isolation that could be induced by the boundary of the 
sample block on the edge patches.  This buffer is used in the calculation of metrics such 
as contagion and IJI (McGarigal et al., 2002).  
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Figure 3.6. One of the sample areas: 45 km by 45 km block and buffer of 12 km 
For the area covered by each sample block and its 12-km buffer, the LULC was 
extracted from the NLCD 2006.  Two different raster files were generated for each part 
(block and buffer).  Within each of the buffer files, the ArcGIS Raster Calculator was 
used to change the LULC codes to negative numbers as indicated in the FRAGSTATS 
user guidelines (McGarigal et al., 2002).  This procedure is needed to distinguish the 
areas outside of the block, thus those areas are used only to evaluate the patch type 
adjacency.  The buffer and the sample block raster files were then joined to create an 
ArcGrid file, and were associated with the specific ecoregion that they represent. 
3.4.  Analysis 
FRAGSTATS software v3.4 (McGarigal et al., 2002) was used to compute the 
landscape pattern metrics for each sample area.  All data processing was carried out in 
batch mode following guidelines in the FRAGSTATS documentation. 
45 km 12 km 
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As discussed before, the selection of the method to define patches is crucial in 
landscape pattern analysis.  For this research an 8-neighbor rule was used to define the 
patches (Figure 3.7). This rule requires that a procedure use all cells adjacent to the focal 
cell in the cardinal and diagonal directions (i.e. if two cells of the same class are 
diagonally or orthogonally touching, they were considered to be part of the same patch). 
  
Figure 3.7. Schematic representation of the 8 neighbor rule to define patches 
As noted in Chapter 2, previous research has demonstrated that only a few well-
chosen metrics are required to characterize landscape structure.  In this research, eight 
landscape pattern metrics were selected to assess landscape composition and 
configuration in each sampling unit.  These metrics were grouped in six components 
according to the information they represent.  The description of each metric presented 
below follows McGarigal and Marks (1995) and McGarigal et al. (2002): 
1. Land cover diversity: represented by the number of LULC classes as an expression 
of richness, the number of patches at both the class and the landscape level, the total 
LULC class area, and the proportion of each class as a measure of the evenness in the 
8 neighbor cells 
Focal cell 
Patch 1 
Patch 2 
Patch 3 
Patch 4 
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landscape.  These metrics measure different facets of landscape composition (Cain et 
al., 1997; Riitters et al. 1995; Li and Reynolds, 1994). 
 Patch Richness (PR) is the simplest measure of landscape composition; patch 
richness is evaluated as: 
     
Where m is the number of different LULC classes present within the landscape. 
 Number of patches is quantified at both the class (ni) and the landscape level 
(NP):  
   ∑  
 
   
 
Where ni is number of patches in the landscape of the LULC type i. NP is equal to 
one when the landscape contains only one patch; and similarly ni is equal to one 
when the class consists of a single patch. 
 Total class area (CA) is a measure of how much of the landscape is comprised 
by a particular LULC type.  The CA metric is based on patch area (AREA) 
calculated as the area (m
2
) of a patch divided by 10,000 to convert to hectares: 
          (
 
      
) 
Where aij is the area (m
2
) of patch ij.  For the raster format, AREA is calculated 
as the number of cells in the patch multiplied by the cell size.  CA is the sum of 
the area occupied by the patches of each LULC: 
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Where AREAij is the area (ha) of patch ij.  CA approaches zero as the patch type 
becomes increasingly rare in the landscape.  CA approximates to the total 
landscape area (TA) when the entire landscape consists of a single patch type; that 
is, when the entire area is composed of a single patch.   
2. Patch size and shape: evaluated by mean patch size and the area-weighted fractal 
dimension.  The fractal dimension is a measure of the patch shape that overcomes the 
problem of the straight perimeter-area ratio that varies with the size of the patch 
(Cushman et al., 2008; Linke and Franklin, 2006; Griffith et al., 2000). 
 Mean patch size (AREA_MN) at the class level is a function of the number of 
patches in the LULC class and the total LULC class area: 
         
∑       
 
   
  
 
At the landscape level AREA_MN is equal to the sum of the area across all 
patches in the landscape, divided by the total number of patches: 
        
∑ ∑       
 
   
 
   
  
 
 Area-weighted fractal dimension (FRAC_AM) is equal to 2 times the logarithm 
of patch perimeter (adjusted to correct for the raster bias in perimeter, since it is 
biased upward in raster images because of the stair-step patch outline), divided by 
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the logarithm of patch area.  FRAC_AM characterizes the degree of complexity 
of the patches in the landscape. 
       
   (       )
     
 
Where pij is the perimeter (m) of patch ij.  As the fractal dimension calculated in 
this manner is dependent upon patch size, the area-weighted average is used to 
obtain a representative mean across the class and the landscape.  At the class 
level, the area-weighted average is calculated as the proportional area of the patch 
ij to the class i: 
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At the landscape level, the proportional abundance of each patch is determined 
from the sum of patch areas, which in this research is total area of the block:  
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FRAC range is between 1 and 2.  A fractal dimension greater than 1 for a 2-
dimensional patch indicates a departure from Euclidean geometry (i.e., an 
increase in shape complexity).  FRAC approaches 1 for shapes with very simple 
perimeters such as squares, and approaches 2 for shapes with highly convoluted 
perimeters. 
3. Patch perimeter-area scaling: evaluated by the perimeter-area fractal dimension is a 
measure of patch shape complexity across a wide range of spatial scales (i.e., patch 
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sizes).  Specifically, this index employs regression analysis to describe the power 
relationship between patch area and perimeter, and thus describes how patch 
perimeter increases per unit increase in patch area (Hargis et al., 1998; Cain et al., 
1997; Riitters et al., 1995).  The perimeter-area fractal dimension has been found to 
be an independent component representative of the landscape structure by Riitters et 
al., (1995), and Cain et al., (1997).  
 Perimeter–area fractal dimension (PAFRAC) is equal to 2 divided by the slope 
of a regression line obtained by regression of the logarithm of patch area against 
the logarithm of patch perimeter.  That is, 2 divided by the coefficient b1 derived 
from a least squares regression fit to the following equation:   (   )     
    (   ).  At the class level, it is quantified by: 
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At the landscape level it is evaluated:  
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A perimeter-area fractal dimension greater than 1 for a 2-dimensional landscape 
mosaic indicates a departure from a Euclidean geometry (i.e., an increase in patch 
shape complexity).  PAFRAC approaches 1 for shapes with very simple 
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perimeters such as squares, and approaches 2 for shapes with highly convoluted 
perimeters.  PAFRAC employs regression techniques and it could be subject to 
problems due to small number of patches in the landscape (with only a few 
patches it is usual to get values that greatly exceed the theoretical limits of this 
index), then this index is probably only useful if sample sizes are large.  In 
addition, PAFRAC requires patches to vary in size.  Thus, PAFRAC is undefined 
if all patches are the same size or there are less than 10 patches in the landscape.  
4. Landscape texture: evaluated using contagion (O’Neill et al., 1988; Li and 
Reynolds, 1993 and 1994; Hargis et al., 1998), this metric expresses the degree of 
aggregation of the cover types in a landscape (Cushman et al., 2008; Linke and 
Franklin, 2006; Griffith et al., 2000; Hargis et al., 1998; Cain et al., 1997; Riitters et 
al., 1995). 
 Contagion (CONTAG) is the tendency of land covers to cluster or clump into a 
few large patches (Wickham et al., 1996).  CONTAG is based on raster “cell or 
pixels" adjacencies, not "patch" adjacencies, and consists of the sum, over LULC 
classes, of the product of 2 probabilities: (1) the probability that a randomly 
chosen cell belongs to the LULC class i (estimated by the proportional abundance 
of the class i), and (2) the conditional probability that given a cell is of the class i, 
one of its neighboring cells belongs to the class j (estimated by the proportional 
abundance of the class i adjacencies involving the class j).  The product of these 
probabilities equals the probability that 2 randomly chosen adjacent cells belong 
to the class i and j.  CONTAG considers all LULC classes present on an image, 
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including any present in the landscape border (or as referred before in this 
chapter, the buffer), if present, and considers like adjacencies (i.e., cells of a patch 
type adjacent to cells of the same type).  It is evaluated only at the landscape 
level. 
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Where gik is the number of adjacencies (joins) between pixels of LULC class i 
and k based on the double-count method.  CONTAG approaches zero when the 
LULC classes are maximally disaggregated (i.e., every cell is a different LULC) 
and interspersed (equal proportions of all pairwise adjacencies).  CONTAG 
equals 100 when all LULC classes are maximally aggregated; i.e., when the 
landscape consists of single patch.  CONTAG is undefined if the number of 
LULC classes is less than 2. 
5. Inter-patch distance: a measure of patch dispersion measured using the mean 
Euclidean nearest neighbor distance and the standard deviation around the mean 
(Cushman et al., 2008; Linke and Franklin, 2006; Griffith et al., 2000; Hargis et al., 
1998). 
 Mean Euclidean nearest neighbor distance (ENN_MN) measures the distance 
to the nearest neighboring patch of the same type, based on shortest straight-line 
distance computed from cell centers.  At the class level, the mean Euclidean 
nearest neighbor distance is calculated as: 
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Where hij is the distance (m) from patch ij to the nearest neighboring patch of the 
same LULC class.  At the landscape level the mean Euclidean nearest neighbor 
distance is measured as: 
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The values for ENN are always larger than zero, without limit.  ENN approaches 
zero as the distance to the nearest neighbor decreases.  The minimum ENN is 
constrained by the cell size, and is equal to twice the cell size when the 8-
neighbor patch rule is used.  The upper limit is constrained by the extent of the 
landscape, which in this research is the size of the block.  ENN is undefined if the 
patch has no neighbors (i.e., no other patches of the same class).  
6. Patch interspersion: measured by an interspersion and juxtaposition index.  Each 
patch is analyzed for adjacency with all other LULC classes to measure the extent to 
which LULC classes are interspersed (Cushman et al., 2008; Linke and Franklin, 
2006; Griffith et al., 2000). 
 Interspersion and juxtaposition index (IJI) expresses observed interspersion 
over the maximum possible interspersion for the given number of LULC classes.  
The IJI is based on patch adjacencies, not cell adjacencies like the contagion 
index.  As such, it does not provide a measure of class aggregation like the 
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CONTAG, but rather isolates the interspersion or intermixing of LULC classes.  
All LULC classes present are considered, including any present in the landscape 
border, denominated buffer in this research.  At the class level IJI is defined as: 
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Where the eik is the total length (m) of edge in landscape between LULC classes i 
and k.  At the landscape level IJI is defined as: 
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Where E is the total length (m) of edge in landscape (denominated block in this 
research).  IJI approaches zero when the distribution of adjacencies among unique 
LULC classes becomes increasingly uneven.  IJI is equal to 100 when all LULC 
classes are equally adjacent to all other LULC classes (i.e., maximally 
interspersed and juxtaposed to other LULC classes).  IJI is undefined if the 
number of LULC classes is less than 3. 
After running the FRAGSTATS program, the results were exported to an Excel 
spreadsheet and table was constructed for each ecoregion to summarize the landscape 
pattern metrics: number of patches (ni and NP), total class area (CA), perimeter-area 
fractal dimension (PAFRAC), and interspersion and juxtaposition (IJI).  Contagion 
(CONTAG) was reported alone as it was evaluated only at the landscape level.  A graph 
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presenting the percentages of the landscape occupied by each LULC class was also 
created.  
The “R software” (R Development Core Team, 2009) was used to create boxplots 
which facilitate visualization of the metrics: mean patch size (AREA_MN), area 
weighted fractal dimension (FRAC_AM), and mean Euclidean nearest neighbor distance 
(ENN_MN).  Each boxplot displays the median, and the spread for the metric by LULC, 
and for the overall landscape.  Normally, the midpoint of a boxplot is the median.  The 
25% and 75% quartiles (Q25 and Q75) define the hinges (end of the boxes), and the 
difference between the hinges is called the spread.  Lines are drawn from each hinge to 
1.5 times the spread or to the most extreme value of the spread, whichever is the smaller.  
Any points outside these values are normally identified as outliers. 
Finally, to present the results, the table and the plots for each ecoregion were 
incorporated in a set of composite illustrations (Figure 3.8), which include for each 
sample block: 
1. the map of LULC developed for NLCD 2006 
2. an orthophoto image of the area acquired from the National Agriculture Imagery 
Program (NAIP) (USGS, 2010), 
3. an image obtained from the FRAGSTATS analysis, which includes the unique 
identification number (ID) assigned to each patch 
4. a description of the ecoregion (land surface form, potential vegetation, predominant 
land uses, mean annual precipitation, and mean annual temperature) summarized 
from the North American Terrestrial Ecoregions description (Wiken, et al., 2011). 
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Figure 3.8. Example of the composite illustration showing the results for sample block 
9.4.2 (27) Central Great Plains 
 
The analyses of the results were made by: 1) examination of the values 
(maximums, minimums and extreme values) observed for each metric in the blocks used 
to sample the ecoregions, 2) analysis of correlations and relationships among the metrics 
at the landscape-level, and 3) examination and discussion of the results for each 
ecoregion.  
The six components that were selected to assess landscape composition and 
configuration were discussed and the behaviors of the indexes were compared among 
ecoregions.  To evaluate the relationships of the landscape pattern metrics used, an 
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analysis of the correlations among the metrics at the landscape-level was done. A scatter-
plot matrix was used to display the correlations among the landscape pattern metrics at 
the landscape-level, evaluated using the Pearson’s r.  The most significant correlations 
were tested using linear regression to describe the relationships between the metrics.  
Each ecoregion was examined and discussed individually, with particular emphasis on 
the ecoregions that were sampled with two blocks, as it is hypothesized that ecoregions of 
a given type will generally exhibit internal homogeneity in landscape patterns, but 
patterns will vary significantly among ecoregions of different types.  These three steps 
provide the elements to discuss the three research questions that guided this research.  
3.5.  Summary 
This research explores possible relationships between Omernik’s level III 
ecoregions and landscape structure as represented by landscape pattern metrics.  The 
study area comprises 26 level III ecoregions in the central United States.  This area 
exhibits a wide range in elevation, precipitation, temperature, and other environmental 
conditions.  
Four geospatial datasets were used in the research: (1) the boundaries and 
descriptions of Omernik’s ecoregions, and (2) land use and land cover, (3) elevation and 
(4) climatological data for the study area.  Sample blocks of 45 x 45 km surrounded by a 
12 km buffer were used to extract information on landscape pattern for each level III 
ecoregion.   
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ArcGIS and FRAGSTATS software were used to process all the data, and R 
software was used to analyze the results of the landscape pattern metrics.  The analyses of 
the results were made by: 1) comparison of the values for each metric among ecoregions, 
2) analysis of correlations and relationships among the metrics at the landscape-level, and 
3) examination of the results for each ecoregion separately.  This analysis of the results 
allowed the discussion around the three research questions that addressed this research. 
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Chapter 4:  Results and Discussion 
The goal of this research was to determine if and how landscape structure 
(quantified by landscape pattern metrics) may be related to ecoregions defined using 
Omernik’s approach to ecoregionalization.  This chapter presents the results of analyzing 
nine key landscape pattern metrics selected to characterize landscape structure in a 
sample of Omernik’s Level III ecoregions.  First, the results for each landscape pattern 
metric at the class and the landscape-level are presented (the composite illustrations made 
to summarize the results for each ecoregion are presented in Appendix A).  Second, an 
analysis of the correlations among the metrics at the landscape-level is described; this 
analysis was performed to evaluate possible inter-relationships between the landscape 
pattern metrics analyzed.  And finally, the three research questions that guided this 
research are discussed.  
4.1.  Landscape pattern metrics 
Nine landscape patterns metrics (grouped in six components) were selected to 
assess landscape composition and configuration.  Previous research has demonstrated that 
only a few well-chosen metrics are required to characterize landscape structure. The 
results presented below indicate how each metric performed when applied to the sample 
blocks representing the ecoregions. 
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Land cover diversity 
Different facets of landscape composition were assessed by examining patch 
richness, number of patches, and total class area: 
Patch Richness (PR)  
PR measures the LULC classes present within each landscape (sample block), 
thus it was evaluated only at the landscape-level (Table 4.1, Figure 4.1 and Figure 4.2). 
For the location of each sample block see Figure 3.5 in chapter 3.  Thirteen sample blocks 
had a PR of 11 (i.e., only 11 of the 12 LULC classes were present in these sample blocks) 
and four sample blocks had a PR of 10.  LULC classes such as open water (LULC ID 
11), developed (LULC ID 20), barren land (LULC ID 31), grassland/herbaceous (LULC 
ID 71), and cultivated crops (LULC ID 82) were present in all the sample blocks. Mixed 
forest (LULC ID 43) was present in only 21 of the 33 sample blocks (Figure 4.1). 
The maximum possible value for PR (12) was observed in 15 of the 33 sample 
blocks (Table 4.1), and only one sample block had a considerably different value for this 
metric (PR of 7).  This sample block corresponds to the southern portion of the High 
Plains ecoregion (9.4.1), which was sampled with two blocks, as this ecoregion is divided 
in two portions by the Southwestern Tablelands ecoregion (9.4.3) (see Figure 3.2 in 
chapter 3).  This different composition of LULC classes in the sample blocks for the High 
Plains ecoregion could be due to the differences in the average temperatures, 
precipitation and elevation between the two parts (see Figure 3.3 in chapter 3), as the 
southern part has lower mean temperatures, lower mean precipitation and lower mean 
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elevation above sea level, which could influence the occurrence of certain LULC classes.  
In any case, the LULC classes that were not present in the southern portion (sample block 
9.4.1_2): deciduous (LULC ID 41), evergreen (LULC ID 42) and mixed forest (LULC ID 
43), pasture/hay (LULC ID 81) and woody wetlands (LULC ID 90), had relatively low 
percentages of the area in the northern sample block (9.4.1) (for more details about the 
LULC composition see Figure A.21 and Figure A.22 in Appendix A).  
 
Table 4.1. LULC classes present in each sample block representing the ecoregions in the 
study area. The column labeled PR indicates the total number of LULC classes present 
out of a maximum of 12 possible classes. 
LULC 
Sample Block 
11 20 31 41 42 43 52 71 81 82 90 95 PR 
8.1.4 x x x x x x x x x x x x 12 
8.1.4_2 x x x x x x x x x x x x 12 
8.1.5 x x x x x x x x x x x x 12 
8.2.3 x x x x   x x x x x x 10 
8.3.2 x x x x x   x x x x x 10 
8.3.7 x x x x x x x x x x x x 12 
8.3.8 x x x x x x x x x x x x 12 
8.4.5 x x x x x x x x x x x  11 
8.4.6 x x x x x x x x x x x x 12 
8.4.7 x x x x x x x x x x x x 12 
8.4.8 x x x x x x x x x x x x 12 
9.2.1 x x x x x  x x x x x x 11 
9.2.2 x x x x x  x x x x x x 11 
9.2.3 x x x x x x  x x x x x 11 
9.2.4 x x x x x x x x x x x x 12 
9.2.4_2 x x x x x x x x x x x x 12 
9.3.1 x x x x x  x x x x x x 11 
9.3.1_2 x x x x x x x x x x x x 12 
9.3.3 x x x x x  x x x x x x 11 
9.3.4 x x x x x x x x x x x x 12 
9.4.1 x x x x x  x x x x x x 11 
9.4.1_2 x x x    x x  x  x 7 
9.4.2 x x x x  x x x x x x x 11 
9.4.2_2 x x x x x  x x x x x x 11 
9.4.3 x x x x x x x x  x x x 11 
9.4.3_2 x x x x x  x x  x x x 10 
9.4.4 x x x x x x x x x x x x 12 
9.4.5 x x x x x  x x x x  x 10 
9.4.5_2 x x x x x  x x x x x x 11 
9.4.6 x x x x x x x x x x x  11 
9.4.7 x x x x x x x x x x x x 12 
9.5.1 x x x x x x x x x x x x 12 
9.6.1 x x x x  x x x x x x x 11 
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Figure 4.1. Patch richness (PR) at the class level for each sample block representing the 
ecoregions in the study area 
 
Three other ecoregions (of the seven that were sampled with two blocks) also had 
different values for PR between their sample blocks: Northwestern Glaciated Plains 
(9.3.1), Southwestern Tablelands (9.4.3) and Cross Timbers (9.4.5).  The Northwestern 
Glaciated Plains ecoregion (9.3.1) had 11 and 12 LULC classes in the sample blocks; the 
difference was due to the absence of mixed forest in the sample block located in the south 
part of the ecoregion.  This difference could be due to the slight difference in the physical 
conditions, such as precipitation and elevation, as the southern part of the ecoregion has 
lower elevation and higher mean precipitation than the northern portion.  Also, given the 
extension and shape of the ecoregion this could be an indication that the composition of 
LULC classes was not uniform along the ecoregion.  However, the mixed forest class had 
very low proportion in the second sample block (0.002 % equivalent to 3.92 ha), thus the 
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absence/presence of this class in the sample blocks could be just a consequence of their 
location, and it could be reflecting a problem of the sampling scheme used in this 
research, as it probably did not capture very well the distribution of the LULC classes 
(Figure A.17 and Figure A.18 in Appendix A). 
The Southwestern Tablelands ecoregion (9.4.3) had 10 and 11 LULC classes, as 
there was not mixed forest in the western part of the ecoregion.  The west portion of the 
Southwestern Tablelands ecoregion (9.4.3) (where the sample block that did not have 
mixed forest was located (9.4.3_2)) had higher elevations and lower mean precipitation 
than the east portion of this ecoregion, but also the mean temperature was a little lower.  
Furthermore, in the same way than the ecoregion previously mentioned, the mixed forest 
class had very low proportion of the area (0.18 %) in east sample block (Figure A.25 and 
Figure A.26 in Appendix A). 
The sample blocks for the Cross Timbers ecoregion (9.4.5) had 10 and 11 LULC 
classes; this difference was due to the absence of woody wetlands in the sample block for 
the northern part of the ecoregion (9.4.5_2).  This portion had slightly higher elevation, 
higher mean precipitation and lower mean temperature than the southern portion of the 
ecoregion.  But similarly to the previous ecoregions, the LULC class that made the 
difference, woody wetlands, had a very low proportion in the second sample block (0.05 
% of the area) (Figure A.28 and Figure A.29 in Appendix A). 
The Central Great Plains ecoregion (9.4.2) had the same value for PR in each of 
its sample blocks, but the northern sample block did not have evergreen forest, while the 
southern sample block did not have mixed forest.  In any case, the proportions of these 
61 
 
LULC classes were very low in the sample block where they were present: mixed forest 
had only 0.0002% of the area in the northern sample block and the evergreen forest had 
0.0005 % in the southern sample block (Figure A.23 and Figure A.24 in Appendix A). 
 
Figure 4.2. Patch richness (PR) at the landscape level for each sample block representing 
the ecoregions in the study area 
 
One of the observed spatial patterns in the distribution of this index (Figure 4.2) 
was that eight of the ecoregions with the maximum value for PR in their sample blocks 
seem to form a cluster in the southeastern part of the study area, indicating that there is 
more diversity in LULC classes in this region.  This was possibly due to the fact that this 
area has the longest growing season, highest average temperatures, greatest mean 
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precipitation and lower mean elevation of this portion of the study area (see Figure 3.3 in 
chapter 3). 
Although the Nebraska Sand Hills (9.3.4) is considered as one of the most distinct 
and homogeneous ecoregions in North America (Wiken et al., 2011), the sample block 
for it had all 12 LULC classes (Figure A.20 in Appendix A).  However, LULC classes 
such as deciduous, evergreen and mixed forest, as well as shrub/scrub (LULC ID 52) 
each occupied less than 0.05 % of the area in the sample block; while 96 % of the sample 
block area was covered by grassland/herbaceous, which was the LULC class expected to 
be predominant in this ecoregion as it is one of the largest areas in the world of sand 
dunes that are stabilized by grass.  Thus, the high diversity of LULC classes for this 
ecoregion reflected the small areas of riparian forest and other land uses that are not 
predominant in the area.  
Number of patches (NP)  
NP was calculated at both the class-level (Table 4.2, Figure 4.3, and Figure 4.4) 
and the landscape-level (Figure 4.5).  On average, at the class-level, the 
grassland/herbaceous, deciduous forest, evergreen forest, mixed forest, and shrub/scrub 
were the LULC classes with more number of patches in the sample blocks, while the 
barren land had the lowest number of patches (Table 4.2).  At the landscape-level the 
number of patches and the mean patch size had a negative relationship that could be 
described by a power function, which indicates that when there are more patches in a 
landscape the mean patch sizes are smaller. At the class-level, however, such a 
relationship did not apply for all LULC classes, as neither the grassland/herbaceous, the 
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deciduous forest or the shrub/scrub had the lowest mean patch size, nor the barren land 
had the largest mean patch size.  The results for the grassland/herbaceous and barren land 
classes could be explained by the proportions of these LULC in the sample blocks, as 
these were the most and the least abundant classes, respectively.  This negative 
relationship between number of patches and mean patch size was observed for other 
LULC classes, such as cultivated crops, evergreen and mixed forest.  The cultivated crops 
had a relatively low number of patches and a large mean patch size; while the evergreen 
and mixed forest had high number of patches and small mean patch sizes.  For the natural 
LULC classes (deciduous, evergreen, mixed forest and shrub/scrub), the large number of 
patches could be due to fragmentation possibly caused by transformations to human land-
uses or by natural causes such as fires. 
Table 4.2. Total and average number of patches per LULC class over the study area 
LULC class 
Total number of 
patches (NP) 
Average number of 
patches per class 
11 14,957 453 
20 14,321 434 
31 2,658 81 
41 83,143 2,598 
42 41,670 1,437 
43 49,804 2,372 
52 60,637 1,956 
71 88,831 2,692 
81 24,757 825 
82 17,257 523 
90 21,862 705 
95 22,432 724 
 
The four ecoregions with the most patches (South Central Plains (8.3.7), Boston 
Mountains (8.3.8), Arkansas Valley (8.4.7) and Ouachita Mountains (8.4.8)) are located 
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in the southern part of the study area (Figure 4.5).  This area was mentioned before as 
having more diversity in LULC classes (maximum number of LULC classes), possibly 
due to its long growing season, high average temperatures, great mean precipitation and 
low mean elevation (see Figure 3.3 in chapter 3).  Additionally, this is the portion of the 
study area more densely populated, which could be related with more fragmentation of 
the natural LULC classes (deciduous, evergreen and mixed forest, as well as shrub/scrub, 
woody and emergent herbaceous wetlands (LULC ID 90 and 95 respectively)) that were 
the predominant land covers in this area.  This is also applicable to the northwestern 
portion of the North Central Hardwood Forests ecoregion (8.1.4) that had a very high 
number of patches.  
 
Figure 4.3. Boxplot for the Number of Patches (NP) by LULC classes 
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One of the ecoregions in the Great Plains, the Edwards Plateau (9.4.6), had a large 
number of patches in comparison with the neighboring ecoregions. This could be due to 
the LULC composition of this area, which was considerably different, as it had higher 
percentages of some of the natural land covers: shrub/scrub, evergreen and deciduous 
forest (Figure A.30 in Appendix A).  Similarly, the Northwestern Great Plains ecoregion 
(9.3.3) had more patches than its neighboring ecoregions.  This could be due to that the 
shrub/scrub was the predominant LULC class of this ecoregion (56 % or the area), and 
this land cover is, in general, very fragmented (low mean patch size and high number of 
patches) (Figure A.19 in Appendix A). 
 
Figure 4.4. Number of Patches (NP) at the class level for each sample block representing 
the ecoregions in the study area 
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Ecoregions with the lowest number of patches (Central Corn Belt Plains (8.2.3), 
Lake Agassiz Plain (9.2.2), Western Corn Belt Plains (9.2.3), Nebraska Sandhills (9.3.4), 
the northwestern portion of the Northwestern Glaciated Plains (9.3.1_2), and the north 
part of the High Plains (9.4.1)) were predominantly cultivated crops and/or the 
grassland/herbaceous.  In general, the cultivated crops class had a tendency to have large 
mean patch sizes and a low number of patches.  For the grassland/herbaceous, this 
tendency was not so strong, i.e. the mean patch sizes were not so large, but in these 
sample blocks, this LULC class had a lower number of patches than the average. 
 
Figure 4.5. Number of patches (NP) at the landscape level for each sample block 
representing the ecoregions in the study area 
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The Boston Mountains ecoregion (8.4.6) had a lower number of patches than the 
neighboring ecoregions.  This was possibly due to the location of its sample block, as it 
covered part of the Ozark National Forest.  Thus, 82% of the area was covered by 
deciduous forest, which in this sample block had a mean patch size above the average for 
this class, and thus it had a very low number of patches (Figure A.9 in Appendix A). 
Two ecoregions (North Central Hardwood Forests (8.1.4) and Northwestern 
Glaciated Plains (9.3.1)) that had two sample blocks presented a considerably different 
number of patches in each of their sample blocks.  The North Central Hardwood Forests 
(8.1.4) had 33,399 patches in the sample block for the northwestern portion, while the 
sample block for the southeastern portion had 22,756 patches (Figure A.1 and Figure A.2 
in Appendix A).  The Northwestern Glaciated Plains (9.3.1) had 10,635 patches in the 
sample block for the southern portion of the ecoregion while the sample block for the 
northern part (9.3.1_2) had less than the half of these number of patches (4,617 patches) 
(Figure A.17 and Figure A.18 in Appendix A).  These results for the North Central 
Hardwood Forests ecoregion (8.1.4) were possibly due to the different LULC 
composition and configuration of the sample blocks, as the one for the southeastern part 
had more proportion of cultivated crops, which is a LULC class that tend to have largest 
mean patch sizes and lowest number of patches.  Additionally, as mentioned before, the 
sample block for the northwestern part of this ecoregion was located in an area that is 
densely populated (to the northwest of Minneapolis, MN) while the sample block for the 
southeastern part of the ecoregion (8.1.4_2) was located in a relatively less populated 
area (around Stevens Point, WI). 
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For the Northwestern Glaciated Plains (9.3.1), the difference between sample 
blocks could be due to the slight difference in the physical conditions of each sample 
block (lower elevation and higher mean precipitation in the southern part of the 
ecoregion).  Additionally, the predominant LULC classes in each sample block were 
quite different; for the northern portion both cultivated crops and grassland/herbaceous 
had very high percentages of the area, while in the southern portion the cultivated crops 
did not have a large proportion of the area and other LULC classes that had tendency to 
be more fragmented (such as open water, pasture/hay and emergent herbaceous wetlands) 
were more abundant.  
Total class area (CA) 
CA measures how much of the sample block is comprised of a particular LULC 
type (Figure 4.7).  The percentage of landscape (PLAND) is an alternative to express the 
total class area (CA) (Figure 4.6), which facilitates the comparison of proportions of each 
LULC classes among ecoregions.  In general, the most abundant LULC classes in the 
sample blocks were grassland/herbaceous, cultivated crops, deciduous forest and pasture 
hay; the less abundant were the barren land, the emergent herbaceous wetlands, mixed 
forest, and open water. 
Among ecoregions of different types there were considerable differences in the 
composition of LULC classes (Figure 4.7).  Overall, for the sample blocks belonging to 
ecoregions in the Eastern Temperate Forest the dominant LULC class was deciduous 
forest and in the sample blocks corresponding to ecoregions in the Great Plains were 
grassland/herbaceous, cultivated crops, and shrub/scrub. The east-west precipitation 
69 
 
gradient is likely a strong factor in these regional differences in CA for certain LULC 
classes such as grassland/herbaceous, shrub/scrub and deciduous forest. 
 
Figure 4.6. Boxplot for the percentage class area (PLAND) by LULC classes 
 
The Central Corn Belt Plains (8.2.3) had a predominant LULC class of cultivated 
crops (which occupied 91.31 % of the total area) (Figure A.4 in Appendix A).  In this 
area the natural vegetation has been replaced almost totally by agriculture.  This trend 
was also observed, but to a lesser degree, in other ecoregions of the Eastern Temperate 
Forest located to the north (North Central Hardwood Forests (8.1.4), Driftless Area 
(8.1.5), and Interior River Valleys and Hills (8.3.2)), where cultivated crops and 
pasture/hay had large proportions of area (Figure A.1, Figure A.2, Figure A.3 and Figure 
A.5 in Appendix A, respectively). 
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Figure 4.7. Class area (CA) in each sample block representing the ecoregions in the study 
area 
 
The East Central Texas Plains ecoregion (8.3.8) and the Ozark Highlands (8.4.5) 
had also singular results; unlike their neighbors, the pasture/hay was one of their 
predominant LULC classes (Figure A.7 and Figure A.8 in Appendix A).  This could be 
due to the transformation of the natural LULC classes to anthropogenic land uses, where 
the topography is nearly flat with rolling irregular plains, dissected and crossed by broad 
river systems. 
The Boston Mountains ecoregion (8.4.6) had 82 % of its area in deciduous forest 
(Figure A.9 in Appendix A). As was mentioned before, this was probably due to the 
location of its sample block, as it covered part of the Ozark National Forest.   
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In the ecoregions that are part of the Great Plains, there were four ecoregions 
(Central Irregular Plains (9.2.4), Cross Timbers (9.4.5) Edwards Plateau (9.4.6), and 
Texas Blackland Prairies (9.4.7)) that were located in the limit zone between the Great 
Plains and the Eastern Temperate Forest, which had considerable proportions of the 
forest classes.  These results were probably because this is the transition zone between 
those two regions. 
It is important to note that the Northern Glaciated Plains ecoregion (9.2.1) had the 
highest proportion of open water among the ecoregions in the study area. This ecoregion, 
located in one of the most productive agricultural lands in the Prairies (Wiken et al., 
2011), also had high concentrations of temporary and seasonal wetlands, thus these 
results for the sample block are in agreement with the description of the ecoregion. 
The cultivated crops class dominated in the Lake Agassiz Plain (9.2.2) and the 
Western Corn Belt Plains (9.2.3) (88 and 86 % of the area respectively), thus they were in 
agreement with the definition of these ecoregions, as they are located in one of the most 
productive areas in the world for growing corn and soybeans (Wiken et al., 2011). 
In the same way, the Nebraska Sandhills (9.3.4) and the Flint Hills (9.4.4) had 
very high proportions of their sample blocks covered by grassland/herbaceous (96 and 82 
% of the area respectively).  The result for the Nebraska Sandhills reflects the fact that 
this ecoregion is one of the largest areas in the world of grass-stabilized sand dunes.  For 
the Flint Hills, according to Wiken et al. (2011) this area marks the western edge of the 
tallgrass prairie. This region is intact primarily because of the shallow soils and shallow 
depth to bedrock, that makes this area difficult to plow and unsuitable to be cropped, and 
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is, thus, grazed by beef cattle.  Part of the region is now in national preserve land and 
other conservation land as it contains the largest remaining intact tallgrass prairie in the 
Great Plains. 
The Southwestern Tablelands ecoregion (9.4.3) had 15 % of the area in the 
western sample block (9.4.3_2) covered by shrub/scrub and 83 % of 
grassland/herbaceous, while the eastern sample block had 71 % and 16 % of these LULC 
classes, almost the inverse LULC composition (Figure A.25 and Figure A.26 in 
Appendix A).  Additionally, as mentioned before, the mixed forest was not present in the 
sample block for the western portion.  As stated before about the different results for PR 
in these two sample blocks, these were probably due to the lower mean elevations, higher 
mean precipitation and slightly higher temperatures in the east portion of this ecoregion, 
and as described by Wiken et al. (2011) in most of this ecoregion is semiarid rangeland, 
with ranching and livestock grazing as the dominant land uses. 
Similarly, five of the other six ecoregions that had two sample blocks did not have 
very similar LULC composition.  The North Central Hardwood Forests ecoregion (8.1.4) 
had less percentages of deciduous forest and cultivated crops more of pasture/hay in the 
northwestern portion than in the southeastern (8.1.4_2) (Figure A.1 and Figure A.2 in 
Appendix A).  As it was mentioned before these different LULC compositions were 
possibly due to that northern sample block was located in an area that is densely 
populated (to the northwest of Minneapolis, MN) while the southeastern sample block 
(8.1.4_2) was located in a relatively less populated area (around Stevens Point, WI).  
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For the Central Irregular Plains (9.2.4), the southern sample block (9.2.4_2) had 
less proportion of deciduous forest and more of grassland/herbaceous and cultivated 
crops than the northern portion (Figure A.15 and Figure A.16 in Appendix A).  
Accordingly to Wiken et al. (2011) this ecoregion is topographically more irregular than 
the Western Corn Belt Plains (9.2.3) to the north, and less irregular than the ecoregions to 
the south and east.  Thus, the gradient in the topography of the ecoregion could be the 
reason of the change in the LULC composition between the sample blocks.  
The Northwestern Glaciated Plains (9.3.1) as mentioned before, did not have of 
mixed forest in the southern sample block, but also had lower percentage of cultivated 
crops and higher percentages of open water, pasture/hay, and emergent herbaceous 
wetlands than the northern portion (9.3.1_2) (Figure A.17 and Figure A.18 in Appendix 
A).  These differences between the sample blocks could be due to the slight difference in 
the physical conditions such as lower elevation and higher mean precipitation in the 
southern part of the ecoregion.  
In the High Plains ecoregion (9.4.1), the southern sample block (9.4.1_2) did not 
have deciduous, evergreen and mixed forest, pasture/hay and woody wetlands, but this 
block did have more shrub/scrub and less grassland/herbaceous than the northern sample 
block (Figure A.21 and Figure A.22 in Appendix A).  The different LULC composition 
in these sample blocks, as mentioned before, could be due to differences on physical 
conditions (the southern part had lower mean temperatures, lower mean precipitation and 
lower mean elevation above sea level).  Additionally, according to Wiken et al. (2011) 
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the southern portion had few to no streams, and the availability of water could influence 
the presence and abundance of these LULC classes. 
Finally, for the Cross Timbers ecoregion (9.4.5), in addition to the absence of 
woody wetlands in the northern sample block, this sample block also had more mixed 
forest and less grassland/herbaceous than the southern sample block (9.4.5_2) (Figure 
A.28 and Figure A.29 in Appendix A).  As stated before, this is probably due to the 
northern portion having slightly higher elevation, higher mean precipitation and lower 
mean temperature than the southern portion of the ecoregion.  
According to these results, the three metrics used to assess land cover diversity 
(patch richness, number of patches, and total class area), seemed to complement each 
other to explain the results.  Thus each of these three metrics offered information that 
cannot be obtained without the others. 
Patch size and shape 
The average extent and the complexity of patches at the class and the landscape-
level were evaluated using mean patch size and the area-weighted fractal dimension.  
Mean patch size (AREA_MN)  
AREA_MN is a function of the area and number of patches.  The AREA_MN 
was evaluated at the class-level (Figure 4.8 and Figure 4.9) and at the landscape-level 
(Figure 4.10).   
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Figure 4.8. Mean patch size (AREA_MN) at the class level for each sample block 
representing the ecoregions in the study area 
 
The AREA_MN observed in sample blocks for the Central Corn Belt Plains 
(8.2.3) and Nebraska Sandhills (9.3.4) had particularly extreme values  (Figure 4.8).  
These results were probably due to the large values for mean patch size at the class level 
for cultivated crops and the grassland/herbaceous classes in these two sample blocks 
respectively.  In the Central Corn Belt Plains (8.2.3) the natural vegetation has been 
replaced almost totally by agriculture.  For the Nebraska Sandhills (9.3.4), as mentioned 
before, the large mean patch size for the grassland/herbaceous reflects the fact that this 
ecoregion is one of the largest areas in the world of grass-stabilized sand dunes. 
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In general, the LULC classes that exhibited the largest mean patch sizes were 
cultivated crops, the developed, and the pasture/hay classes (Figure 4.9).  Although, the 
mean patch size for the grassland/herbaceous class was large (116.5 ha), the box-plot for 
this LULC class shows that the median and the spread for this class were located around 
lower values, thus the outliers had a great effect on the average value of this index.  The 
LULC classes with the smaller mean patch sizes were mixed forest, barren land, 
emergent herbaceous wetlands, and evergreen forest. 
 
Figure 4.9. Box-plots for the Mean patch size (AREA_MN) by LULC classes 
 
At the landscape level (Figure 4.10), the largest mean patch sizes were 167 and 
134 ha, observed in sample blocks for the Central Corn Belt Plains (8.2.3) and Nebraska 
Sandhills (9.3.4) respectively.  These results were probably highly influenced by the large 
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values for mean patch size at the class level for cultivated crops and the 
grassland/herbaceous classes in these two sample blocks respectively (Figure 4.8). 
 
Figure 4.10. Mean patch size (AREA_MN) at the landscape level for each sample block 
representing the ecoregions in the study area 
 
The Lake Agassiz Plain (9.2.2) and the Western Corn Belt Plains (9.2.3) 
ecoregions also had a large mean patch size. These two, like the Central Corn Belt Plains 
(8.2.3), were characterized by the dominance of cultivated crops, which was the LULC 
class with the largest mean patch size.  
The ecoregions with the smallest mean patch size were the South Central Plains 
(8.3.7), Ouachita Mountains (8.4.8), Arkansas Valley (8.4.7), North Central Hardwood 
Forests (8.1.4), East Central Texas Plains (8.3.8) and Edwards Plateau (9.4.6).  In these 
78 
 
ecoregions there were large proportions of the LULC classes with low mean patch sizes 
and a high number of patches (evergreen and mixed forest, and shrub/scrub). 
Three ecoregions that had two sample blocks (Northwestern Glaciated Plains 
(9.3.1), High Plains (9.4.1) and Cross Timbers (9.4.5)) had considerably different mean 
patch sizes in their sample blocks (Figure 4.10).  The mean patch size for the southern 
sample block of the Northwestern Glaciated Plains (9.3.1) was 19.0 ha, and for the 
northern sample block (9.3.1_2) was 43.9 ha.  This was probably due to the fact that the 
southern sample block did not have mixed forest, and had lower percentage of cultivated 
crops and higher percentages of open water, pasture/hay, and emergent herbaceous 
wetlands than the northern block (9.3.1_2)).    
In the sample blocks for High Plains (9.4.1) and Cross Timbers (9.4.5) the 
difference is not as large.  The southern sample block of the High Plains (9.4.1_2) had a 
mean patch size of 38.4 ha while the northern sample block (9.4.1) had 42.6 ha.  The 
northern sample block for the Cross Timbers (9.4.5) had a mean patch size of 15.1 ha 
while the southern sample block (9.4.5_2) had 20.0 ha.  These could be due to the 
dissimilar LULC composition for these blocks of the same ecoregion, as was described 
on the previous section. 
In general, it was observed that the LULC class that exhibited the largest mean 
patch size (cultivated crops) had low number of patches in the sample blocks.  This is 
probably because much of the study area is devoted to extensive agriculture. Similarly, 
the pasture/hay class presented this behavior (low AREA_MN and high NP).  The 
developed class also exhibited this pattern. This area is not very densely populated and 
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the population tends to concentrate in cities and towns.  On the other hand, four LULC 
classes exhibited low mean patch sizes and high number of patches: shrub/scrub, 
deciduous, evergreen and mixed forest. This pattern could be due to the fragmentation of 
natural LULC classes.  The other four LULC classes: barren land, open water, woody and 
herbaceous emergent wetlands classes, presented low mean patch sizes and low number 
of patches.  This is probably due to the low abundance of these LULC in the study area, 
and the tendency of these land covers to be in small patches. 
Area-weighted fractal dimension (FRAC_AM) 
FRAC_AM characterizes the degree of complexity of the patches in the 
landscape.  At the class-level (Figure 4.11 and Figure 4.12), on average the largest values 
of this index were for the developed class, and the smallest for the barren land class.  
 
Figure 4.11. Area-weighted Fractal Dimension (FRAC_AM) at the class level for each 
sample block representing the ecoregions in the study area 
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The relatively higher values for the developed class were expected as patches of 
this LULC class are representations of cities, towns and roads, which, in general, do not 
tend to present simple perimeters.  The low values for the barren land class were probably 
due to the fact that those areas are generally scarce and tend to be confined to small and 
regular patches.  
 
Figure 4.12. Boxplots for the Area-weighted Fractal dimension (FRAC_AM) by LULC 
classes 
 
At the landscape-level (Figure 4.13) the highest values observed were for the 
Southwestern Tablelands (9.4.3), Edwards Plateau (9.4.6), Northwestern Great Plains 
(9.3.3), Southern Texas Plains (9.6.1), Boston Mountains (8.4.6), and the northern sample 
block for the Northwestern Glaciated Plains (9.3.1_2).  All these ecoregions had very few 
large patches of the predominant LULC class that had very irregular and long perimeters.  
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Thus, as this index is an area-weighted average, those large patches had a great influence 
in the result of the index for the landscape.  With the exception of the Boston Mountains 
(8.4.6), all of these ecoregions were located in the western portion of the study area; 
patches with more convoluted perimeters are likely associated with the high elevations 
and more irregular topography of this area. 
 
Figure 4.13. Area-weighted Fractal Dimension (FRAC_AM) at the landscape level for 
each sample block representing the ecoregions in the study area 
 
The lowest values for the FRAC_AM at the landscape-level were observed in the 
Lake Agassiz Plain (9.2.2) and the Nebraska Sandhills (9.3.4).  The Lake Agassiz Plain 
(9.2.2) is dominated by cultivated crops and this class in general had patches with very 
regular perimeters, presenting simple geometric forms (Figure A.13 Appendix A).  For 
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the Nebraska Sandhills (9.3.4) the result could be due to the low number of patches in the 
sample block and also because most of those patches had very regular perimeters (Figure 
A.20 Appendix A). 
Two of the ecoregions (Northwestern Glaciated Plains (9.3.1) and Cross Timbers 
(9.4.5)) that were sampled twice, showed differences in the FRAC_AM obtained for each 
of their sample blocks. In the Northwestern Glaciated Plains, the southern sample block 
(9.3.1) had 1.26 while the northern sample block (9.3.1_2) had a value of 1.32.  For the 
Cross Timbers ecoregion, the northern sample block (9.4.5) had a value of 1.22 while the 
southern sample block (9.4.5_2) had 1.28.  These differences were possibly due to the 
different LULC composition and configuration that was mentioned before for these 
ecoregions.  In the two sample blocks that had the higher values of FRAC_AM for these 
two ecoregions there were large patches that cover large proportions of the sample 
blocks, which had very irregular perimeters, thus these patches possibly had a large 
influence on the value of the index.  The other ecoregions that were sampled with two 
blocks had similar values for this index in each of their sample blocks.  This indicated 
that the shapes of the patches are similar despite the differences in the LULC 
configuration. 
The results for FRAC_AM did not seem to have similar patterns to the indices 
presented before.  Additionally, as this index was evaluated using an area-weighted 
average for the class and the landscape-level, it appeared that the shape of the largest 
patches in the sample blocks had huge influences in the result for the index. Thus, the 
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index reflected more the shape of those large patches than the shape of all the patches at 
the class or the landscape-level. 
Patch perimeter-area scaling  
Patch shape complexity across the range of patch sizes in the landscape was 
measured using the perimeter–area fractal dimension (PAFRAC) metric. 
Perimeter–area fractal dimension (PAFRAC)  
PAFRAC describes how patch perimeter increases per unit increase in patch area.  
At the class-level (Figure 4.14) there were 18 values above the theoretical upper limit for 
this index.  This confirms the possible issue mentioned in chapter 3.   
 
Figure 4.14.Perimeter-area Fractal Dimension (PAFRAC) at the class level for each 
sample block representing the ecoregions in the study area 
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As PAFRAC employs regression techniques, with only a few patches it is usual to 
get values that greatly exceed the theoretical limits of this index.  Given that this index 
cannot be evaluated if there are less than 10 patches of the same class in a landscape, and 
the frequency of these results above the theoretical limits of this index, it was very 
difficult to make an assessment of the real value of this index to evaluate the complexity 
in the patch perimeters at the class-level. 
 
Figure 4.15. Boxplots for the Perimeter-area Fractal dimension (PAFRAC) by LULC 
classes 
 
In general, at the class-level the developed class had the largest values for 
PAFRAC (Figure 4.15), and cultivated crops had the smallest values.  This reflects the 
fact that the patches of the developed class had quite irregular perimeters (as was also 
indicated by the FRAC_AM).  For cultivated crops, it reflected the tendency of the 
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patches of this class to have regular perimeters, although the FRAC_AM indicated that 
the barren land class had patches with more regular perimeters.  This difference could be 
due to the abundance of patches of these two classes, as barren land had in general a very 
low number of patches while the cultivated crops have a high number of patches.  The 
regression to obtain the index should be more accurate for the cultivated crops than for 
the barren land class. 
 
Figure 4.16. Perimeter-area Fractal Dimension (PAFRAC) at the landscape level for each 
sample block representing the ecoregions in the study area 
 
At the landscape-level (Figure 4.16), the largest value for this index (1.75) was 
observed in Edwards Plateau ecoregion (9.4.6) and other sample blocks with large values 
for this index were: the western portion of the Southwestern Tablelands (9.4.3_2), the 
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Arkansas Valley (8.4.7), the Ouachita Mountains (8.4.8) and the Northwestern Great 
Plains (9.3.3).  The smallest values of PAFRAC were 1.27 and 1.34, in sample blocks 
Lake Agassiz Plain (9.2.2) and Western Corn Belt Plains (9.2.3) respectively. 
Some of these ecoregions had similar results for FRAC_AM, indicating some 
consistency at the landscape-level between these two indices.  Similarly, many of the 
ecoregions with high values for PAFRAC were located to the west and south of the study 
area (Figure 4.16). Perhaps these patches with more convoluted perimeters are associated 
with the high elevations and more irregular topography of the western portion of the 
study area and to the fragmentation of the LULC classes to the south. 
Landscape texture  
The contagion (CONTAG) metric expresses the degree of aggregation of the 
cover types in a landscape. 
Contagion (CONTAG) 
CONTAG is a measure of the tendency of LULC to cluster into a few large 
patches.  It was evaluated only at the landscape-level (Figure 4.17 and Figure 4.18).  The 
largest value for this index (93.61 %) was observed in the sample block for the Nebraska 
Sandhills ecoregion (9.3.4), and the smallest (37.42 %) in the sample block for the South 
Central Plains ecoregion (8.3.7).  
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Figure 4.17. Contagion (CONTAG) in each sample block representing the ecoregions in 
the study area 
 
For the Nebraska Sandhills ecoregion (9.3.4), this high value indicated that the 
LULC classes had a tendency to clump in large patches, which was in agreement with 
high values observed for the AREA_MN, and particularly for the large mean patch sizes 
of the predominant LULC class in this sample block.  For the South Central Plains 
ecoregion (8.3.7) the low value for contagion indicated the LULC classes had a tendency 
to occur in small patches, which was in agreement with the high number of patches and 
the low mean patch size at both the class and the landscape-level.   
Three of the seven ecoregions that had two sample blocks Northwestern Glaciated 
Plains (9.3.1), High Plains (9.4.1) and Southwestern Tablelands (9.4.3)) showed a 
considerably different value for this index.  The southern portion of the Northwestern 
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Glaciated Plains (9.3.1) had a CONTAG of 62.0 % while the sample block for the 
northern portion of this ecoregion (9.3.1_2) had 72.5 %.  For the High Plains ecoregion, 
the northern the sample block (9.4.1) had a CONTAG of 73.8 % while the southern 
sample block (9.4.1_2) had 62.7 %.  And in the Southwestern Tablelands (9.4.3) the 
eastern sample block had CONTAG of 72.1 % while the western sample block (9.4.3_2) 
had 81.9 %.  The differences in the values for contagion in these three ecoregions were 
probably due to the dissimilarities in configuration of the LULC classes.  The mean patch 
size and number of patches of these three ecoregions were particularly dissimilar between 
their sample blocks (see earlier discussion of the Northwestern Glaciated Plains (9.3.1) 
and the High Plains (9.4.1)), but this was also the case for the Southwestern Tablelands 
(9.4.3). 
 
Figure 4.18. Contagion (CONTAG) in each sample block representing the ecoregions in 
the study area 
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Eight of the ecoregions for which the minimum value of CONTAG in their 
sample blocks was observed seem to form a cluster in the southeastern part of the study 
area (Figure 4.18). This may indicate that in this portion of the study area the LULC 
classes had a tendency to occur in small patches, which was in agreement with low values 
observed for the AREA_MN for this area.  
The pattern observed for CONTAG resembled the patterns observed for 
AREA_MN and NP.  The ecoregions with lower values for contagion were those with 
more number of patches and smaller mean patch size, and the ecoregions with high 
values for contagion had a low number of patches and bigger mean patch sizes.  This 
indicates that this index effectively described the texture of the landscape, i.e., the level 
of clumping or clustering of the LULC classes.  
Inter-patch distance 
The Mean Euclidean nearest neighbor distance (ENN_MN) metric is a measure of 
the patch dispersion in the landscape. 
Mean Euclidean nearest neighbor distance (ENN_MN) 
ENN_MN measures the distance to the nearest neighboring patch of the same 
type.  At the class-level (Figure 4.19 and Figure 4.20) on average, the class with the 
larger values for this index was the barren land class with 2,335 m of distance between 
patches, and the class with the smaller values for ENN_MN were the developed and the 
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grassland/herbaceous classes with an average of 175 and 215 m between patches of the 
same LULC class respectively. 
 
Figure 4.19. Mean Euclidean nearest neighbor distance (ENN_MN) at the class level for 
each sample block representing the ecoregions in the study area 
 
The large distances among patches of barren land indicates the low abundance 
(low number of patches) and small mean patch size of this LULC class.  The few patches 
of this class are not close to each other.  On the other hand, the patches of developed and 
grassland/herbaceous classes are, in general, closer to each other.  For the developed class 
this may be due to the connectivity created by the roads between patches that represent 
towns and cities, and also it could be due to the small urban patches that result from the 
suburban areas, as they are interspersed with other LULC classes.   The low ENN_MN 
between patches of grassland/herbaceous class was probably due to this LULC class 
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being very abundant in the study area and with the higher number of patches.  In general, 
the outliers observed (Figure 4.19 and Figure 4.20) were due to the low proportions and 
the low number of patches of the respective LULC classes in the sample blocks.  
 
Figure 4.20. Boxplots for the Mean Euclidean Nearest Neighbor Distance (ENN_MN) by 
LULC classes 
 
At the landscape-level (Figure 4.21) the largest value for ENN_MN was 666 m 
for the Central Corn Belt Plains ecoregion (8.2.3), and the smallest was 115 m for the 
Edwards Plateau ecoregion (9.4.6).  The high mean Euclidean nearest neighbor distance 
for the sample block for the Central Corn Belt Plains ecoregion (8.2.3) was probably due 
to in this landscape the cultivated crops had a very large proportion in the landscape (91 
%) and very low number of patches, and the other LULC classes had very low 
proportions and also a very low number of patches, then the patches of those other LULC 
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classes that were very far apart had an important effect on the average for this index at 
the landscape-level (Figure A.4 Appendix A).  Similarly, for other ecoregions with high 
values of ENN_MN, such as the Nebraska Sandhills (9.3.4) that had 96 % of the area 
covered by grassland/herbaceous, the distances among the patches of all other LULC 
classes increased the average value for ENN_MN at the landscape-level. 
On the other hand, in ecoregions with low values for ENN_MN at the landscape 
level, such as Edwards Plateau ecoregion (9.4.6), or Ouachita Mountains (8.4.8), the 
LULC composition were not so dominated by just one class (Figure A.30 and Figure 
A.11 Appendix A respectively), and there were more number of patches of all classes, 
then the LULC classes were more interspersed, and the average for ENN_MN was low. 
 
Figure 4.21. Mean Euclidean nearest neighbor distance (ENN_MN) at the landscape level 
for each sample block representing the ecoregions in the study area 
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Three ecoregions that had two sample blocks (Northwestern Glaciated Plains 
(9.3.1), High Plains (9.4.1) and Cross Timbers (9.4.5)) presented considerably different 
values for this index in each of their sample blocks.  The southern portion of the 
Northwestern Glaciated Plains (9.3.1) had an ENN_MN of 198 m while the northern 
portion (9.3.1_2) ENN_MN was 296 m.  This difference was probably due to the 
difference in composition and configuration of the LULC classes in each of the sample 
blocks.  Those dissimilarities could be due to the large extent of the ecoregion, which 
presented slight differences in physical conditions, specifically in the annual mean 
precipitation and the elevation.  Similarly, the sample blocks for the High Plains 
ecoregions (9.4.1) had an ENN_MN of 262 m in the northern portion and 186 m in the 
southern part (9.4.1_2), and the Cross Timbers ecoregion (9.4.5) had an ENN_MN of 149 
m in the northern portion and 214 m in the southern portion (9.4.5_2).  These two 
ecoregions also had different composition and configuration of the LULC classes, 
possibly due to the dissimilarity in the physical conditions.  The other ecoregions 
sampled twice had similar values for this index in their sample blocks. 
Patch interspersion:  
The Interspersion and juxtaposition index (IJI) was used to assess the 
neighborhood relations between patches.  
Interspersion and juxtaposition index (IJI) 
IJI expresses observed interspersion over the maximum possible interspersion for 
the given number of LULC classes.  At the class-level (Figure 4.22 and Figure 4.23), on 
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average the values for IJI were very similar among classes (small range of variation 
among the mean values among classes), but all classes had large standard deviations 
within the class (Figure 4.23).  The maximum mean value of IJI was for the emergent 
herbaceous wetland class (63.5).  This was expected as this class had a tendency to have 
small mean patch size and a low number of patches, and additionally it occupied low 
proportions of the sample blocks.  
 
Figure 4.22. Interspersion and Juxtaposition (IJI) at the class level for each sample block 
representing the ecoregions in the study area 
 
The minimum mean value of IJI was for the shrub/scrub class (43.4), which was 
not expected as this class had on average small patch sizes and a large number of patches 
in the sample blocks.  As observed in Figure 4.23 the standard deviation of IJI for this 
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class (LULC 52) was very large.  And similar behavior of the results for this index was 
observed for the evergreen and the mixed forest classes.  
 
Figure 4.23. Boxplots for the Interspersion and Juxtaposition index (IJI) by LULC classes 
 
At the landscape-level (Figure 4.24), the higher values of IJI were observed in the 
North Central Hardwood Forests (8.1.4), South Central Plains (8.3.7), East Central Texas 
Plains (8.3.8) and Western Gulf Coastal Plain (9.5.1).  All of these ecoregions had in 
general a lower mean patch size and a higher number of patches; thus these high values at 
the landscape-level are a good expression of the interspersion and juxtaposition of the 
LULC classes in the ecoregions. 
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Figure 4.24. Interspersion and Juxtaposition (IJI) at the landscape level for each sample 
block representing the ecoregions in the study area 
 
The lowest values of IJI were observed in the Southwestern Tablelands (9.4.3) 
and the Central Corn Belt Plains (8.2.3).  Other two ecoregions with relatively low values 
for this index were the Southwestern Tablelands (9.4.3) and the Northwestern Great 
Plains (9.3.3).  These small values were probably due to the low number of patches and 
high mean patch size that were observed in their sample blocks. 
Two of the seven ecoregions that were sampled twice (Northwestern Glaciated 
Plains (9.3.1) and Southwestern Tablelands (9.4.3)) showed considerably different IJI 
values in each of their sample blocks. In the Northwestern Glaciated Plains (9.3.1) the 
southern sample block (9.3.1) had a value of 55 while the sample block for the northern 
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portion (9.3.1_2) had 46.  For the Southwestern Tablelands (9.4.3) the eastern portion 
(9.4.3) had an index of 30 and the western (9.4.3_2) had a half of that value (15).  These 
results are consistent with the dissimilar mean patch size and number of patches among 
the sample blocks. 
4.2.  Correlations between landscape pattern metrics 
To evaluate possible inter-relationships between the landscape pattern metrics, an 
analysis of the correlations among the metrics at the landscape-level was done using 
Pearson’s r (Figure 4.25).  The diagonal in the scatter-plot matrix shows the name of the 
variable which is on the x-axis above it and on the y-axis right of it.  The significance 
level is displayed by the p-value (* p < 0.05, ** p < 0.01, - p not significant). 
The number of patches (NP) and five other metrics (mean patch size 
(AREA_MN), perimeter-area fractal dimension (PAFRAC), mean Euclidean nearest 
neighbor distance (ENN_MN), contagion (CONTAG), interspersion and juxtaposition 
(IJI)) had significant relationships.   
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Figure 4.25. Scatterplot matrix showing the correlation among the landscape pattern 
metrics at the landscape-level.  The diagonal shows the name of the variable which is on 
the x-axis above it and on the y-axis right of it. The lower triangle displays the Pearson 
correlation (r), the p-value, and the significance level of the correlation (* p < 0.05, ** p 
< 0.01, - p not significant).  
 
The significant negative correlation between NP and AREA_MN (r = -0.58, p < 
0.01) could be defined by the equation 1 that describes the red curve shown in Figure 
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4.26, and which had an R-squared of 1. This indicates that these two variables are highly 
predictable as a function of the other. 
                             (Eq. 1) 
 
Figure 4.26.  Regression of the number of patches (NP) on the mean patch size 
(AREA_MN) at the landscape-level 
 
The number of patches (NP) and perimeter-area fractal dimension (PAFRAC) had 
a significant positive correlation (r = 0.48, p < 0.01) using linear regression.  The best 
model to describe this relationship (Eq. 2, represented by the red curve in Figure 4.27) 
had a very low value for the R-squared (0.24).  This result indicated that when there were 
more patches (associated with smaller mean patch size), there was a tendency for the 
patch perimeters to be more convoluted, but this tendency was not observed in all sample 
blocks. 
                         (Eq. 2) 
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Figure 4.27. Regression of the number of patches (NP) on the perimeter-area fractal 
dimension (PAFRAC) at the landscape-level 
 
The significant negative correlation (r = -0.6, p < 0.01) between the number of 
patches (NP) and the mean Euclidean nearest neighbor distance (ENN_MN) could be 
described by the equation 3 (red curve in Figure 4.28), which had an R-squared of 0.75.  
This indicates that, as expected, when there was a low number of patches, the nearest 
neighbors of the same LULC class were closer than when there were more patches. 
Equation 4, represented by the red curve in Figure 4.29, describes the significant 
negative correlation between NP and CONTAG (r = -0.8, p < 0.01), with an R-squared of 
0.75.  This relationship indicates that when there were more patches and smaller patch 
sizes, the contagion was lower, as the LULC classes did not have a tendency to clump in 
a few large patches. 
 
                                   (Eq. 3) 
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Figure 4.28. Regression of the number of patches (NP) on the mean Euclidean nearest 
neighbor distance (ENN_MN) at the landscape-level 
 
                                (Eq. 4) 
 
Figure 4.29.  Regression of the number of patches (NP) on contagion (CONTAG) at the 
landscape-level 
 
The number of patches (NP) and the interspersion and juxtaposition index (IJI) 
had a significant positive correlation (r = 0.6, p < 0.01), but the model that best describes 
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this relationship using linear regression (Eq. 5 and Figure 4.30) had a very low R-squared 
(0.36).  This indicates that there was a tendency for more interspersion and juxtaposition 
when there was a larger number of patches and smaller mean patch size in the landscape, 
but this tendency was not observed in all sample blocks. 
                          (Eq. 5) 
 
Figure 4.30. Regression of the number of patches (NP) on the interspersion and 
juxtaposition index (IJI) at the landscape-level 
 
Mean patch size (AREA_MN) had significant correlations with mean Euclidean 
nearest neighbor distance (ENN_MN), contagion (CONTAG) and interspersion and 
juxtaposition index (IJI).  The significant positive correlation between AREA_MN and 
ENN_N (r = 0.94, p < 0.01) can be modeled by equation 6 which had an R squared of 
0.89 (Figure 4.31).  This indicates that these two variables could be moderately predicted 
as a function of the other, i.e., having the value of the mean Euclidean nearest neighbor 
distance at the landscape level, the value of the mean patch size could be predicted.  This 
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relationship was somewhat expected as smaller patches tend to have closer nearest 
neighbors of the same LULC class. 
                             (Eq. 6) 
 
Figure 4.31. Regression of the mean patch size (AREA_MN) on the mean Euclidean 
nearest neighbor distance (ENN_MN) at the landscape-level 
 
Equation 7 (the red curve in Figure 4.32), describes the significant positive 
correlation (r = -0.72, p < 0.01) between AREA_MN and CONTAG, it had an R-squared 
of 0.75.  This indicates that these two variables could be moderately predicted as a 
function of the other, i.e., having the value of the contagion index for a landscape the 
value of the mean patch size at the landscape-level could be predicted.  This relationship 
was expected as contagion is a measure of the texture of the landscape, thus landscapes 
with smaller patch size and high number of patches should have low values of contagion, 
indicating the high fragmentation of the LULC classes in the landscape. 
                              (Eq. 7) 
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Figure 4.32.  Regression of the number of mean patch size (AREA_MN) on contagion 
(CONTAG) at the landscape-level 
 
The significant negative correlation (r = -0.49, p < 0.01) between the mean patch 
size (AREA_MN) and the interspersion and juxtaposition index (IJI) was best described 
by equation 8 (red curve in Figure 4.33) but it had a very low R-squared value (0.36).  
This indicates that there was a tendency for higher values of IJI when there were large 
patches in the landscape, but this relationship was not always observed in the sample 
blocks, and there was a low value for the coefficient of determination (R-squared).  
                            (Eq. 8) 
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Figure 4.33. Regression of the number of mean patch size (AREA_MN) on the 
interspersion and juxtaposition index (IJI) at the landscape-level 
 
                              (Eq. 9) 
 
Figure 4.34. Regression of the area-weighted fractal dimension (FRAC_AM) on the 
perimeter-area fractal dimension (PAFRAC) at the landscape-level 
 
The area-weighted fractal dimension (FRAC_AM) had a significant positive 
relationship with PAFRAC (r = 0.73, p < 0.01).  Equation 9 describes the curve that best 
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fit the relationship between these two metrics (Figure 4.34). The R-squared for this curve 
was 0.55.  This relationship indicates that sample blocks with high FRAC_AM had high 
values of PAFRAC, but the increase in one of the indices did not correspond to a 
proportional increase in the other, and the relationship was not the same in all the sample 
blocks.  
The perimeter-area fractal dimension (PAFRAC) had a significant negative 
correlation (r = -0.52, p < 0.01) with ENN_MN.  The equation 10 is the model that better 
describe this relationship (Figure 4.35), which had an R squared of 0.40.  This 
relationship indicates that when patches are far apart (which is related with larger mean 
patch size and low number of patches), the patches had a tendency to have less 
convoluted perimeters. 
                  (      )   (Eq. 10) 
 
Figure 4.35. Regression of the perimeter-area fractal dimension (PAFRAC) on the mean 
Euclidean nearest neighbor distance (ENN_MN) at the landscape-level 
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The mean Euclidean nearest neighbor distance (ENN) had a significant positive 
correlation (r = 0.71, p < 0.01) with contagion (CONTAG). This relationship could be 
described by an exponential function (Eq. 11, Figure 4.36), which did not have a perfect 
fit (R-squared of 0.52), thus a prediction of one of these two variables as a function of the 
other could not be done with high confidence.  But this relationship indicates that when 
patches of the same LULC class are far apart (which as mentioned before is related which 
large mean path size and low number of patches) the contagion is large. 
                          (Eq. 11) 
 
Figure 4.36. Regression of the mean Euclidean nearest neighbor distance (ENN_MN) and 
the contagion index (CONTAG) at the landscape-level 
 
The significant negative correlation (r = -0.76, p < 0.01) between CONTAG and 
IJI, similarly, could be described by an exponential function (Eq. 12, Figure 4.37), but 
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this function did not have a perfect fit (R-squared of 0.60).  Thus, any prediction of one 
of these two variables as a function of the other could not be done with high confidence.  
In general, however, the relationship indicates that when the contagion is large (which is 
related with large mean patch size and low number of patches) the IJI is low. 
                         (Eq. 12) 
 
Figure 4.37. Regression of the contagion index (CONTAG) and the interspersion and 
juxtaposition index (IJI) at the landscape-level 
 
4.3.  Discussion 
Maps of some of the landscape pattern metrics for each ecoregion shown a 
common spatial pattern.  For example, the values of the indices for ecoregions in the 
southeastern part of the study area (such as South Central Plains (8.3.7), East Central 
Texas Plains (8.3.8), Arkansas Valley (8.4.7), Ouachita Mountains (8.4.8), Texas 
Blackland Prairies (9.4.7), and Western Gulf Coastal Plain (9.5.1)) were, in general, 
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similar, having high patch richness (Figure 4.2), a high number of patches (Figure 4.5), 
small mean patch sizes (Figure 4.10), small area-weighted fractal dimensions (Figure 
4.13), medium perimeter-area fractal dimensions (Figure 4.16), low values of contagion 
(Figure 4.18), small mean Euclidean nearest neighbor distances (Figure 4.21), and high 
values of the interspersion and juxtaposition index (Figure 4.24).  This may be explained 
by the fact that this area has the longest growing season, higher average temperatures, 
greater mean precipitation and lowest mean elevation found in the study area (see Figure 
3.3 in chapter 3).  Additionally, this is the portion of the study area most densely 
populated, which could be related to more fragmentation of the natural LULC classes 
(deciduous, evergreen and mixed forest, as well as shrub/scrub, woody and emergent 
herbaceous wetlands) that were relatively frequent LULC classes in this area.  
Across the study area, the most abundant LULC classes were 
grassland/herbaceous and cultivated crops; while the barren land class was the least 
abundant.  At the landscape-level there were noticeable differences in the predominant 
LULC classes among ecoregions of different types.  The LULC classes that 
predominated in the sample blocks used for the ecoregions in the Great Plains were 
grassland/herbaceous, cultivated crops, and shrub/scrub, while in the sample blocks 
belonging to ecoregions in the Eastern Temperate Forest the dominant LULC classes 
were deciduous forest, cultivated crops and pasture/hay (Figure 4.7).  The results for the 
Great Plains were generally as expected, as mostly prairies and grasslands covered this 
area, and additionally, in this area some of the most productive agricultural lands are 
located.  For the Eastern Temperate Forest it was expected that the deciduous forest 
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would be very abundant, while the high frequency of cultivated crops and pasture/hay 
could be an indication of human intervention. 
The predominant LULC classes and the percentages of forest and agricultural 
lands among ecoregions of different types were in agreement with some of the results of 
Riitters, et al. (2006), who found that ecoregions accounted for a high proportion of the 
total variance in the percent agriculture and percent forest.  These results, as they stated, 
are due to the inclusion of the dominant LULC class in the ecoregion definition. 
The LULC classes that exhibited the largest mean patch sizes were cultivated 
crops, developed, and pasture/hay.  The LULC classes with the smaller mean patch sizes 
were mixed forest, barren land and emergent herbaceous wetlands.  It is important to note 
that blocks where the dominant LULC classes were related to agriculture (croplands and 
pasture/hay) had the largest mean patch sizes at the landscape-level (e.g., Central Corn 
Belt Plains (8.2.3) and Nebraska Sandhills (9.3.4)).  These ecoregions also had the largest 
values for the mean Euclidean nearest neighbor distance and contagion.  The blocks 
where there was a relatively high percentage of forest (deciduous, evergreen, and mixed 
forest) and shrub/scrub had the lowest values for AREA_MN (e.g., ecoregions 8.3.7, 
8.4.8, and 9.4.6), and these ecoregions had the lowest values for ENN_MN and 
CONTAG.  
These results are somewhat in agreement with the results of Bourgeron et al. 
(1999), who showed that LULC data having fine spatial resolution (30 m) and a moderate 
LULC classification level (Anderson level II) could be used to characterize and 
differentiate among Bailey’s ecoregions at province and section levels.  They found that 
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combinations of class-level (percentage area of each LULC class, mean patch size) and 
landscape-level metrics (evenness, connectivity, and fractal dimension) successfully 
characterized differences among ecoregions at province and section levels.  Although, the 
fractal dimension indices used in this research (FRAC_AM and PAFRAC) at the 
landscape-level did not provide unique information that contributes to discrimination of 
ecoregions, both indices had low values and a small range of variation among ecoregions 
at the landscape-level.   
At the class-level, some metrics provided information that at the landscape level 
was not discernible.  For example, ENN_MN was always high for the less abundant 
LULC classes in the sample blocks and low for the most abundant LULC classes.  
Likewise, FRAC_AM and PAFRAC had high values for the developed class in almost all 
the blocks, indicating the high complexity of this LULC class across the study area.  
The three metrics used to assess land cover diversity (patch richness, number of 
patches, and total class area), seemed to complement each other and, thus, to explain the 
results for one of them the others were needed.  Thus each of these three metrics offered 
unique information that cannot be obtained without the others.  The significant 
relationships among NP, AREA_MN, ENN_MN and CONTAG reassert the redundancy 
of information provided by these indices, as in general, landscapes with more patches had 
lower mean patch sizes, lower mean Euclidean nearest neighbor distances, and low 
values of contagion.  Thus, contagion is a good indicator of the texture of the landscape.   
Although the methods and objectives in this research are not directly comparable 
with those used by Riitters, et al. (2006), their results and the results obtained in this 
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research seem to agree in that the variation in the landscape pattern among ecoregions is 
not completely differentiable with the landscape pattern metrics used.  The results of this 
research showed that the landscape pattern metrics used to assess landscape composition 
and configuration in each sampling unit did not have differences in their values from one 
ecoregion to another in a way that could allow a differentiation among ecoregions by 
themselves, but they do provide such differentiation when the results are observed in 
context with the other indices. 
Seven ecoregions were sampled with two blocks, and three of these (ecoregions 
Northwestern Glaciated Plains (9.3.1), High Plains (9.4.1), and Cross Timbers (9.4.5)) 
had results for several indices that were not very similar between the blocks.  The greatest 
differences were observed in the Northwestern Glaciated Plains ecoregion (9.3.1), which 
had considerably different values for several metrics: NP (10,635 and 4,617 patches), 
AREA_MN (19.0 ha and 43.9 ha), FRAC_AM (1.26 and 1.32), CONTAG (62 and 73), 
ENN_MN (198 m and 296 m), and IJI (55 and 46).  These results may reflect slight 
differences in the physical conditions across the ecoregion (e.g., precipitation and 
elevation), as the southern part of the ecoregion has lower elevation and higher mean 
precipitation than the northern portion. 
Similarly, the High Plains ecoregion (9.4.1) had different values for PR (7 and 
11), AREA_MN (38.4 ha and 42.6 ha), CONTAG (74 and 63), and ENN_MN (262 m 
and 186 m).  These results may indicate differences in average temperatures, precipitation 
and elevation between the two parts, as the southern part has lower mean temperatures, 
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lower mean precipitation and lower mean elevation above sea level, which could 
influence the occurrence, proportions, and distribution of certain LULC classes. 
Likewise, the Cross Timbers ecoregion (9.4.5) had different values for PR (11 and 
12), AREA_MN (15.1 ha and 20.0 ha), FRAC_AM (1.22 and 1.28), and ENN_MN (149 
m and 214 m).  Like the two ecoregions discussed previously the northern portion of this 
ecoregion had slightly higher elevation, higher mean precipitation and lower mean 
temperature than the southern portion.  Differing results for sample blocks within a single 
ecoregion may suggest that the relative homogeneity in ecosystems that defines an 
ecoregion is not consistent and perhaps the Omernik’s method to define and delineate 
ecoregions did not capture such differences.  
In any case, some of the landscape pattern metrics used in this research appear to 
have potential for use in defining and delineating ecoregions.  At the class and landscape-
level, the total number of patches, the percent of each LULC class (and then the 
predominant LULC class in the landscape), the mean Euclidean nearest neighbor 
distance, and contagion seem to provide useful information about landscape composition 
and texture.  However, given the subjectivity in the Omernik’s approach to mapping 
ecoregions and that, up to now, the ecoregions are rarely defined or described using 
quantitative information, further analysis of the behavior of these metrics, perhaps using a 
different sampling methodology, would be necessary to determine if there is internal 
homogeneity in landscape patterns among ecoregions of a given type and if those 
landscape patterns vary significantly among ecoregions of different types.  A different 
sampling methodology, such as that employed by Riitters (2011), which used a moving 
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window technique to evaluate the indices, or Riitters, et al. (2006), which resampled the 
ecoregions in several small “sub-landscapes”, should be explored.  These schemes could 
offer more valuable information to solve the research questions proposed here, as the 
sampling scheme used in this research only assessed the landscape patterns of small 
portions of each ecoregion. 
Although the ecoregions seems to be effective for estimating LULC composition, 
and LULC dynamics (Riitters et al., 2006, Gallant et al., 2004, Griffith et al. 2003), more 
work will be needed to identify the utility of landscape pattern metrics for defining and 
delineating ecoregions.  
4.4.  Summary 
This chapter has provided the results of analysis of possible relationships between 
landscape composition and configuration and ecoregions as defined at Level III 
according to Omernik (2004; 1995; 1987).  Land cover diversity was evaluated using 
measures of patch richness (PR), the number of patches (NP) and total class area (CA).  
Patch size and shape were evaluated using mean patch size (AREA_MN) and the area-
weighted fractal dimension (FRAC_AM). Patch perimeter area scaling was expressed as 
patch shape complexity using the perimeter-area fractal dimension (PAFRAC). 
Landscape texture was evaluated using contagion (CONTAG), a measure of the 
aggregation of LULC classes in the landscape. Inter-patch distance was assessed using 
mean Euclidean nearest neighbor distance (ENN_MN).  Patch interspersion was 
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calculated using an interspersion and juxtaposition index.  Results of the landscape 
pattern analysis were reported at both the class and landscape-level. 
Patch richness (PR) indicated that 15 of 33 sample blocks contained all 12 
possible LULC classes, and all the sample blocks contained five of the LULC classes: 
open water, developed, barren land, grassland/herbaceous and cultivated crops.  The total 
class area (CA) at the class-level showed that the most abundant LULC classes were 
grassland/herbaceous and cultivated crops, but these LULC classes had a large range of 
variation for CA across the sample blocks.  The least abundant LULC class was barren 
land.  Number of patches (NP) at the class-level indicated that, in general, the LULC 
classes that had the most patches were grassland/herbaceous, deciduous forest, mixed 
forest, shrub/scrub and evergreen forest.  The high number of patches of 
grasslands/herbaceous, unlike the other classes with high NP, was related to a relatively 
high frequency of this LULC class in the sample blocks, and a large mean patch size.  
Barren land was the LULC class with lowest number of patches in the sample blocks, but 
this class also occurred in very low proportions in the landscapes, the mean patch sizes 
were very small, and this class was relatively infrequent.  At the landscape-level the 
highest number of patches were observed in the ecoregions located in the southeastern 
part of the study area (i.e., South Central Plains (8.3.7), East Central Texas Plains (8.3.8), 
Arkansas Valley (8.4.7) and Ouachita Mountains (8.4.8)), and for one of the sample 
blocks of the North Central Hardwood Forests ecoregion (8.1.4).  
At the class level, the mean patch sizes (AREA_MN) were largest for cultivated 
crops, developed, and pasture/hay classes, but the AREA_MN for these LULC classes 
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had a large range of variation across the sample blocks.  The LULC classes with the 
smallest mean patch sizes were mixed forest, barren land and emergent herbaceous 
wetlands.  At the landscape-level, sample blocks for the Central Corn Belt Plains (8.2.3) 
and Southwestern Tablelands (9.3.4) had the highest mean patch sizes, and the South 
Central Plains (8.3.7), East Central Texas Plains (8.3.8), Arkansas Valley (8.4.7) and 
Ouachita Mountains (8.4.8), North Central Hardwood Forests (8.1.4), and Edwards 
Plateau (9.4.6) had the smallest mean patch sizes. All of these sample blocks with small 
AREA_MN, except for the North Central Hardwood Forests (8.1.4), were located in the 
southeastern portion of the study area. This was possibly due to the area having the 
longest growing season, highest average temperatures, greatest mean precipitation and 
lower mean elevation in the study area. 
In general, it was observed that the LULC class that exhibited the largest mean 
patch size (cultivated crops) had low number of patches in the sample blocks.  This is 
probably because much of the study area is agricultural land, where there is a strong 
tendency to extensive agriculture.  The pasture/hay class had similar results (low 
AREA_MN and high NP), as did the developed class (the area is not very densely 
populated and the population tends to concentrate in cities and towns).  On the other 
hand, four LULC classes exhibited low mean patch sizes and a high number of patches: 
shrub/scrub, deciduous, evergreen and mixed forest. This pattern may reflect 
fragmentation of natural LULC classes.  The other four LULC classes: barren land, open 
water, woody and herbaceous emergent wetlands classes, presented low mean patch sizes 
and low number of patches.  This is probably due to the low abundance of these LULC in 
the study area, and the tendency of these land covers to occur in small patches. 
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The area-weighted fractal dimension (FRAC_AM) at the class-level, on average, 
exhibited the largest values in the developed class and the smallest in the barren land 
class.  The ranges of variation of this index for all LULC classes were large and only the 
developed class had a considerably different value.  At the landscape-level, the largest 
values were observed for the Southwestern Tablelands (9.4.3), Edwards Plateau (9.4.6), 
Western Corn Belt Plains (9.3.3), Southern Texas Plains (9.6.1), Boston Mountains 
(8.4.6) and Northwestern Glaciated Plains (9.3.1).  The smallest values were for Lake 
Agassiz Plain (9.2.2), Nebraska Sandhills (9.3.4), and Western Corn Belt Plains (9.2.3).  
All the sample blocks with the highest FRAC_AM value, except the Boston Mountains 
(8.4.6), were located in the western part of the study area, and there perhaps the more 
convoluted patch perimeters could be associated with the high elevations and more 
irregular topography of this part of the study area. 
The results for FRAC_AM were quite different.  This index was evaluated using 
an area-weighted average for the class and the landscape-level, and the shape of the 
largest patches in the sample blocks had substantial influence on the results for the index.  
Thus, the index reflected the shape of large patches more than the collective shape of all 
the patches at the class or the landscape-level. 
The PAFRAC index, at the class-level had the largest values in the developed 
class (similarly to FRAC_AM), and the smallest in the cultivated crops class.  There were 
18 values above the upper theoretical limit for this index. At the landscape-level, the 
largest values for this index were observed in the Edwards Plateau (9.4.6), Southwestern 
Tablelands (9.4.3), Arkansas Valley (8.4.7), Ouachita Mountains (8.4.8) and 
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Northwestern Great Plains (9.3.3).  In general, the largest values for this index at the 
landscape level were located on the western side of the study area (similarly to 
FRAC_AM).  The smallest values were for the Lake Agassiz Plain (9.2.2) and Western 
Corn Belt Plains (9.2.3), which are ecoregions where the cultivated crops class 
predominate, with large mean patch sizes and patches with more regular perimeters. 
The largest values for contagion (CONTAG) were observed in the Nebraska 
Sandhills (9.3.4), Central Corn Belt Plains (8.2.3), Lake Agassiz Plain (9.2.2), 
Southwestern Tablelands (9.4.3) and Western Corn Belt Plains (9.2.3), while the smallest 
were for the South Central Plains (8.3.7), East Central Texas Plains (8.3.8), North Central 
Hardwood Forests (8.1.4), and Arkansas Valley (8.4.7). Except for the North Central 
Hardwood Forests (8.1.4), the sample blocks with small values for CONTAG were 
located in the southeastern part of the study area, similar to the pattern observed for NP, 
AREA_MN and ENN_MN.  The ecoregions with lowest values for contagion were those 
with higher numbers of patches and smaller mean patch size, and the ecoregions with 
high values for contagion had low number of patches and bigger mean patch sizes.  This 
indicates that this index can effectively describe the texture of the landscape, i.e., the 
level of clumping or clustering of the LULC classes. 
On average, the class with the largest values for ENN_MN was the barren land 
class and the class with the smallest ENN_MN values was the developed class.  At the 
landscape-level, the largest values for ENN_MN were for the Central Corn Belt Plains 
(8.2.3) and Nebraska Sandhills (9.3.4); the smallest ENN_MN values were for Edwards 
119 
 
Plateau (9.4.6), Ouachita Mountains (8.4.8), South Central Plains (8.3.7), and Arkansas 
Valley (8.4.7), the last three located in the southeastern portion of the study area. 
The interspersion and juxtaposition index at the class-level, on average, had the 
smallest values in the shrub/scrub, mixed forest, and developed classes.  The largest 
values were for the emergent herbaceous wetlands class, although the values are very 
similar for all LULC classes.  At the landscape-level the largest value of IJI was observed 
in the Driftless Area (8.1.5), North Central Hardwood Forests (8.1.4), South Central 
Plains (8.3.7), East Central Texas Plains (8.3.8) and Western Gulf Coastal Plain (9.5.1), 
while the smallest values were observed in the Southwestern Tablelands (9.4.3) and 
Central Corn Belt Plains (8.2.3). 
Possible correlations between the landscape pattern metrics used were evaluated 
using the Pearson’s r statistic.  Metrics found to have significant correlations were tested 
using linear regression.  The most significant relationships were between: NP and 
AREA_MN (r
2
 = 1.0), NP and ENN_MN (r
2
 = 0.75), NP and CONTAG (r
2
 = 0.75), 
AREA_MN and ENN_N (r
2 
= 0.89) and AREA_MN and CONTAG (r
2
 = 0.75).  These 
relationships were expected as if a landscape have low mean patch sizes the number of 
patches should be large, and the mean Euclidean nearest neighbor distance should be low, 
then the contagion should be lower as an indication of the fragmentation of the classes in 
the landscape, as the LULC did not present a tendency to clump in a few large patches. 
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Chapter 5:  Conclusions 
The principal objective of this research was to determine if and how landscape 
structure (quantified by landscape pattern metrics) may be related to ecoregions defined 
using Omernik’s approach to ecoregionalization.  The following research questions were 
addressed:  
 Do selected landscape pattern metrics change from one ecoregion to another in a 
predictable and meaningful way?  
 Can landscape pattern metrics be used to systematically and objectively characterize 
ecoregions? 
 Do landscape pattern metrics provide information that could be used to help define 
and delineate ecoregions boundaries? 
The research results reported in this thesis suggest that with the methods used it is 
not possible to definitively answer these questions. Thus, some recommendations and 
alternatives to explore the possible relationships between landscape pattern metrics and 
the ecoregionalization process are presented.  
It is important to note that the values mapped for each ecoregion at the landscape 
level were those obtained for the corresponding sample block.  As stated in the 
methodology, it was assumed that given the size and the position of the selected sample 
blocks, they should represent very well the homogeneity of ecosystems within the 
ecoegions.  However, this assumption was not evaluated, and it is possible that some 
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variation in the location and size of the sample bocks would produce different results.  
Future work is required to assess the validity of this assumption. 
In a general way, the landscape pattern metrics used in this research reflected the 
characteristics of the ecoregions and some spatial patterns are evident in the results.  For 
example, in the southeastern part of the study area the results for some metrics were 
similar (i.e., high patch richness, high number of patches, small mean patch sizes, small 
area-weighted fractal dimensions, medium perimeter-area fractal dimensions, low values 
of contagion, small mean Euclidean nearest neighbor distances, and high values of 
interspersion and juxtaposition index).  These results may be related to the environmental 
conditions of the area, as the southeastern region have the longest growing season, 
highest average temperatures, greatest mean precipitation and lowest mean elevation, and 
this is the portion of the study area most densely populated, which could be related to 
higher fragmentation of natural LULC classes that were relatively frequent LULC classes 
in this area.   
At the landscape-level there were noticeable differences in the predominant 
LULC classes among ecoregions of different types.  The LULC classes that predominate 
on the ecoregions in the Great Plains region were grassland/herbaceous, cultivated crops, 
and shrub/scrub, and this result was expected because in this area some of the most 
productive agricultural lands of the United States are located.  On the other hand, in the 
ecoregions in the Eastern Temperate Forest region the dominant LULC classes were 
deciduous forest, cultivated crops and pasture/hay; results that were not completely 
expected.  It was anticipated that deciduous forest would be the predominant LULC class 
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in these ecoregions given the environmental characteristics of this area, but the high 
frequency of cultivated crops and pasture/hay was not expected.  These results could be 
an indication of the high human intervention of the land covers in this area, but it could 
be also a manifestation of the difficulty to relate the landscape pattern metrics to 
ecoregions.  Although, Omernik’s system for mapping ecoregions includes land use as 
one of its factors, it is possible that the dynamics of LULC change are not completely 
reflected in the ecoregions defined by this method, given the differences in the temporal 
and spatial dimensions of the LULC dynamics and the ecoregionalization process.   
Additionally, there are other issues related with the LULC maps to consider.  
First, the LULC maps and the ecoregion maps are not generated with the same sources of 
information; thus, these two maps could be a representation of the LULC and the 
ecosystems at different moments of time in a specific area.  Second, LULC maps such as 
the NLCD tend to under-represent the less frequent LULC classes and over-represent the 
most abundant and predominant LULC classes due to the method and sources that are 
used to develop the map.  Hence, the landscape patterns could be biased by the LULC 
map used to apply the metrics.  And third, the NLCD and all other maps used here were 
projected to an Albers conical equal area projection; this means that the techniques used 
for the projection preserved areas in the map, but it is not clear if different types of 
projections, such as those that preserve perimeters, would produce different results in the 
landscape pattern indices. Future work should evaluate the influence of these variables in 
the results. 
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With the methodology followed in this research it was not possible to statistically 
verify if the results of the landscape pattern metrics were related with any of the 
characterizing factors of the ecoregions.  Thus, there is no evidence if the changes in the 
landscape pattern metrics from one ecoregion to another could be predictable.  There 
were not enough samples to perform an appropriate analysis; neither the simple methods 
such as ANOVA nor the more complex (multivariate) methods such as principal 
component analysis could be used as the number of variables were always higher than the 
number of observations (samples).  Thus, to answer this question perhaps a different 
sampling methodology would be necessary to determine if the change in the landscape 
pattern metrics from one ecoregion to another could be associated with the factors that 
are used in the ecoregion identification, definition, delimitation and characterization.   
Future research should explore the use of different sampling methodologies, such 
as the sampling schemes used by Riitters (2011), which used a moving window technique 
to evaluate the indices, or Riitters, et al. (2006), which resample the ecoregions in several 
small landscapes, and then there were more samples inside each ecoregion.  These 
schemes could offer valuable information to solve the research questions proposed here, 
as the sampling scheme used in this research only assessed the landscape patterns of a 
portion of each ecoregion.  Additionally, a sampling scheme with more samples inside an 
ecoregion would allow discerning the causes of the dissimilar results between the sample 
blocks of the same ecoregion that were observed in this research.  
Although the results of this research show that the landscape pattern metrics used 
to assess landscape composition and configuration in each sampling unit did not have 
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differences in their individual values from one ecoregion to another in a way that could 
allow a differentiation among ecoregions, these metrics do provide valuable information 
about the ecoregions when the results are observed in context with the other metrics.  
Similarly, it is important to observe that at the class-level, some metrics disclosed 
information that at the landscape level was not discernible.  For example, ENN_MN was 
always high for the less abundant LULC classes in the sample blocks and low for the 
most abundant LULC classes; likewise FRAC_AM and PAFRAC had high values for the 
developed class in almost all the blocks, indicating the high complexity of this LULC 
class across the study area.  Thus, with the landscape pattern metrics used in this research 
and under the methodology used here, it is not possible determine if they can be used to 
systematically and objectively characterize ecoregions.   
Also it is important to observe the significant relationships between some 
landscape pattern metrics used: NP and AREA_MN (r
2
 = 1.0), NP and ENN_MN (r
2
 = 
0.75), NP and CONTAG (r
2
 = 0.75), AREA_MN and ENN_N (r
2 
= 0.89) and 
AREA_MN and CONTAG (r
2
 = 0.75).  These relationships were expected.  If a 
landscape has low mean patch sizes the number of patches should be large, and the mean 
Euclidean nearest neighbor distance should be low, and it follows that the contagion 
should be lower as an indication of the fragmentation of the classes in the landscape.  
However, these results also show the redundancy of information provided by some of 
these indices, similarly to the results that have been reached by many previous 
researches.  Then, for future works it is advisable to use only the landscape pattern 
metrics that do not have high correlations with others. 
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Some of the landscape pattern metrics used in this research seemed to have 
potential for use in defining and delineating ecoregions.  At the class and landscape-level, 
the total number of patches, the percent of each LULC class (and the predominant LULC 
class in the landscape), the mean Euclidean nearest neighbor distance, and contagion 
seem to provide useful information about landscape composition and texture.  But, given 
the subjectivity in Omernik’s approach to mapping ecoregions and that, up to now 
ecoregions have usually not been defined or described using quantitative information, 
further analysis of the behavior of these metrics, perhaps, as mentioned before, using a 
different sampling methodology, would be necessary to determine if there is internal 
homogeneity in landscape patterns among ecoregions of a given type, and if those 
landscape patterns vary significantly among ecoregions of different types.   
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Appendix A: Composite graphics for ecoregion sample blocks 
 
This appendix provides composite graphics for the sample blocks selected to 
represent each of the ecoregions studied in this research. These summary graphics 
include, on a single page, key maps, images and tables that were employed in the 
interpretation of research results.  Each page includes: (1) a map of LULC for the sample 
block using the data from NLCD 2006, (2) an orthophoto image of the area acquired from 
the National Agriculture Imagery Program (NAIP), and (3) an image obtained from 
FRAGSTATS analysis which includes the unique identification number (ID) assigned to 
each patch in the sample block.  In addition, each graphic contains a summary description 
of the ecoregion (land surface form, potential vegetation, predominant land uses, mean 
annual precipitation, and mean annual temperature) based on information provided by 
Wiken, et al. (2011).  Tables that portray analytic results for four landscape pattern 
metrics are also provided; these are number of patches (ni and NP), total class area (CA), 
perimeter-area fractal dimension (PAFRAC), and interspersion and juxtaposition (IJI).  
Contagion (CONTAG) is reported alone as it was evaluated only at the landscape level.  
And finally, graphs present the percentages of the landscape occupied by each LULC 
class, and three boxplots portray mean patch size (AREA_MN), area weighted fractal 
dimension (FRAC_AM), and mean Euclidean nearest neighbor distance (ENN_MN). 
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Ecoregion 8.1.4 (51) North Central Hardwood Forests 
 
Figure A.1. Composite illustration with the results for sample block 8.1.4 North Central 
Hardwood Forests 
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Figure A.2. Composite illustration with the results for sample block 8.1.4_2 North 
Central Hardwood Forests 
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Ecoregion 8.1.5 (52) Driftless Area 
 
Figure A.3. Composite illustration with the results for sample block 8.1.5 Driftless Area 
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Ecoregion 8.2.3 (54) Central Corn Belt Plains 
 
Figure A.4. Composite illustration with the results for sample block 8.2.3 Central Corn 
Belt Plains 
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Ecoregion 8.3.2 (72) Interior River Valleys and Hills 
 
Figure A.5. Composite illustration with the results for sample block 8.3.2 Interior River 
Valleys and Hills 
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Ecoregion 8.3.7 (35) South Central Plains 
 
Figure A.6. Composite illustration with the results for sample block 8.3.7 South Central 
Plains 
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Ecoregion 8.3.8 (33) East Central Texas Plains 
 
Figure A.7. Composite illustration with the results for sample block 8.3.8 East Central 
Texas Plains 
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Ecoregion 8.4.5 (39) Ozark Highlands 
 
Figure A.8. Composite illustration with the results for sample block 8.4.5 Ozark 
Highlands 
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Ecoregion 8.4.6 (38) Boston Mountains 
 
Figure A.9. Composite illustration with the results for sample block 8.4.6 Boston 
Mountains 
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Ecoregion 8.4.7 (37) Arkansas Valley 
 
Figure A.10. Composite illustration with the results for sample block 8.4.7 Arkansas 
Valley 
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Ecoregion 8.4.8 (36) Ouachita Mountains 
 
Figure A.11. Composite illustration with the results for sample block 8.4.8 Ouachita 
Mountains 
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Ecoregion 9.2.1 (46) Northern Glaciated Plains 
 
Figure A.12. Composite illustration with the results for sample block 9.2.1 Northern 
Glaciated Plains 
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Ecoregion 9.2.2 (48) Lake Agassiz Plain 
 
Figure A.13. Composite illustration with the results for sample block 9.2.2 Lake Agassiz 
Plain 
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Ecoregion 9.2.3 (47) Western Corn Belt Plains 
 
Figure A.14. Composite illustration with the results for sample block 9.2.3 Western Corn 
Belt Plains 
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Ecoregion 9.2.4 (40) Central Irregular Plains 
 
Figure A.15. Composite illustration with the results for sample block 9.2.4 Central 
Irregular Plains 
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Figure A.16. Composite illustration with the results for sample block 9.2.4_2 Central 
Irregular Plains 
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Ecoregion 9.3.1 (42) Northwestern Glaciated Plains 
 
Figure A.17. Composite illustration with the results for sample block 9.3.1 Northwestern 
Glaciated Plains 
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Figure A.18. Composite illustration with the results for sample block 9.3.1_2 
Northwestern Glaciated Plains 
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Ecoregion 9.3.3 (43) Northwestern Great Plains 
 
Figure A.19. Composite illustration with the results for sample block 9.3.3 Northwestern 
Great Plains 
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Ecoregion 9.3.4 (44) Nebraska Sandhills 
 
Figure A.20. Composite illustration with the results for sample block 9.3.4 Nebraska 
Sandhills 
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Ecoregion 9.4.1 (25) High Plains 
 
Figure A.21. Composite illustration with the results for sample block 9.4.1 High Plains 
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Figure A.22. Composite illustration with the results for sample block 9.4.1_2 High Plains 
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Ecoregion 9.4.2 (27) Central Great Plains 
 
Figure A.23. Composite illustration with the results for sample block 9.4.2 Central Great 
Plains 
159 
 
 
Figure A.24. Composite illustration with the results for sample block 9.4.2_2 Central 
Great Plains 
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Ecoregion 9.4.3 (26) Southwestern Tablelands 
 
Figure A.25. Composite illustration with the results for sample block 9.4.3 Southwestern 
Tablelands 
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Figure A.26. Composite illustration with the results for sample block 9.4.3_2 
Southwestern Tablelands 
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Ecoregion 9.4.4 (28) Flint Hills 
 
Figure A.27. Composite illustration with the results for sample block 9.4.4 Flint Hills 
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Ecoregion 9.4.5 (29) Cross Timbers 
 
Figure A.28. Composite illustration with the results for sample block 9.4.5 Cross Timbers 
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Figure A.29. Composite illustration with the results for sample block 9.4.5_2 Cross 
Timbers 
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Ecoregion 9.4.6 (30) Edwards Plateau 
 
Figure A.30. Composite illustration with the results for sample block 9.4.6 Edwards 
Plateau 
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Ecoregion 9.4.7 (32) Texas Blackland Prairies 
 
Figure A.31. Composite illustration with the results for sample block 9.4.7 Texas 
Blackland Prairies 
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Ecoregion 9.5.1 (34) Western Gulf Coastal Plain 
 
Figure A.32. Composite illustration with the results for sample block 9.5.1 Western Gulf 
Coastal Plain 
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Ecoregion 9.6.1 (31) Southern Texas Plains 
 
Figure A.33. Composite illustration with the results for sample block 9.6.1 Southern 
Texas Plains 
